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Land managers today are increasingly called upon to retain and restore late-successional 
features on harvested landscapes in order to reverse the current global decline of large, old 
trees and their associated elevated levels of biodiversity and ecosystem function. Such 
retention practices are commonly thought to result in increased rates of mortality as a result 
of exposure to wind, thus compromising management objectives. This study investigated 
the survival and growth dynamics of the reserve trees retained in harvested gaps (n=787) 
established 20 years prior in the Acadian Forest Ecosystem Research Project (AFERP) in 
east-central Maine.  
A high (relative to similar treatments implemented throughout the world) overall survival 
rate (91.6 ± 0.02%) across 18 species is attributed to variables associated with vigor, post-
treatment growth rate and crown ratio. For species with a sample size greater than 50, Thuja 
occidentalis (81.0% survival rate) performed the poorest, while Tsuga canadensis (97.9% 
survival) performed the best of all reserve trees with a sample size greater than 50. 
Distance to original gap edge was significantly positively associated with mortality and not 
windthrow, while distance to expanded gap edge was significantly positively associated 
with windthrow. These phenomena could be explained by (1) trees dying as a result of 
shock soon after gap creation (i.e. significant positive correlation between mortality and 
distance to original gap edge) and wind stress increasing at the micro-site level closer to 
the center of gaps as the gaps expanded (i.e. significant positive correlation between 
windthrow and distance to expanded gap edge).  
Post-treatment basal area increment (BAI) was assessed using increment cores extracted 
from the five predominant reserve tree species in AFERP: Acer rubrum (n=108), Picea 
rubens (n=127), Pinus strobus (n=99), Thuja occidentalis (n=65), and Tsuga canadensis 
(n=129). Three different response variables were tested: proportional increase, annual post-
treatment BAI, and absolute increase. Overall treatment effects on BAI were minimal, 
while species varied in their responses based on size, age, shade tolerance and spatial 
location within gap. In general, growth responses diminished with greater tree size, age, 
and shade-intolerance and increased with distance from the nearest gap edge. While all 
species demonstrated positive growth responses relative to their pre-treatment BAI and to 
paired analogues selected from an untreated control, hemlock was consistently the most 
responsive species to treatment.  
The duration of sustained accelerated growth was negatively influenced by pre-treatment 
BAI, tree slenderness (height/diameter), and positively influenced by crown ratio and 
volume. In pairwise comparisons of species, hemlock had significantly higher incidence of 
sustained accelerated growth than white pine (p=0.00), red spruce (p=0.02), and paper 
birch (p=0.03). Red maple and white cedar had a marginally higher incidence of sustained 
accelerated growth than white pine (p=0.06 and p=0.07, respectively).  
Benefits and trade-offs of the different response variables exist, with the proportional 
increase demonstrating sensitivity toward small and slow-growing trees and the annual 
post-treatment BAI and absolute increase demonstrating sensitivity toward large and fast-
growing trees, namely white pine. Of the three response variables tested, the absolute 
increase demonstrated the best balance of sensitivity to tree size and spatial variables, while 
performing moderately well in terms of relative marginal and conditional R2 values when 
compared to the proportional increase and annual post-treatment BAI. The growth 
responses quantified in this study can be used to inform growth projection models of 
uneven-aged treatments and stand dynamics of ecological forestry silvicultural 
prescriptions and illustrate the need for a metric capable of quantifying growth responses 
of trees across a range of size-classes.  
Based on these findings, silvicultural prescriptions should gradually increase exposure of 
retained trees and target the retention of trees with high values in variables associated with 
vigor, in order to improve survival rates of reserve trees. With respect to growth responses, 
selecting reserve trees with high values in attributes associated with vigor, i.e. crown ratio, 
pre-treatment growth, of intermediate age-, size-, and crown-class, and high shade 
tolerance will promote strong growth responses of reserve trees. Abiding by these 
guidelines strictly, however, will compromise the objective of retaining a diverse cohort of 
reserve trees of varying age, size, and species. Selecting the individual of each species and 
size-class with the highest value for attributes associated with vigor is therefore the best 
option for both desired survival and growth outcomes.  
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PROLOGUE 
 
Over the last 25 years, concerns over the homogenization of the forest landscape as a 
result of high-yield commodity production (read: clearcutting) – that was rampant in the 
1960s - caused a paradigm shift in the way forests are managed (i.e. New Forestry 
(Franklin 1989; Seymour and Hunter, 1992). Today, silvicultural practices are 
increasingly guided by disturbance ecology and aim to operate within the historic range 
of variability of a natural stand as a way to maintain ecological function while 
simultaneously producing economically viable harvests.   
In response to this philosophical change in forest management, new large-scale 
management experiments were established to measure a broad range of ecological 
response variables never before considered under traditional forestry practices; e.g., 
MASS (Arnott and Beese, 1997), Date Creek (Coates et al., 1997), DEMO (Aubry et al., 
1999), Sicamous Creek (Vyse, 1999), and AFERP (Seymour, 2005). These long-term 
silvicultural studies are just some of the novel silvicultural trials designed to test 
balancing ecological objectives with economically viable fiber production. By operating 
within nature’s limits, silviculturists are striving to meet the projected increased demands 
of a growing affluent society while simultaneously reducing the degradation of the 
forested landscape by promoting biodiversity. 
While these novel silvicultural systems are still in their relative infancy, critical 
evaluations and documentation of these systems in their respective abilities to meet 
ecological and production objectives are necessary in order for them to be improved upon 
and replicated. The aforementioned long-term research projects, and others like them, 
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designed to test these ecological theories are therefore invaluable assets in tracking the 
success of these new prescriptions in practice. 
One of the management alternatives, and the focus of the following thesis, AFERP gained 
prominence in the 1990’s when proposed by Seymour and Hunter (1992; 1999) as a single 
pillar in a three-pillared (dubbed “landscape or regional TRIAD”) approach to forest 
management across a landscape. Seymour and Hunter (1992; 1999) proposed the balanced 
management of a landscape could be achieved through the compartmentalization of the 
landscape into three management regimes: (1) production forestry, (2) ecological reserves, 
and (3) ecological forestry. The central axiom of ecological forestry, defined by Seymour 
and Hunter (1999), is that “manipulation of a forest should work within the limits 
established by natural disturbance patterns prior to extensive human alteration of the 
landscape.”  
This axiom was tested in Maine by emulating the natural gap-dynamics disturbance regime 
typical of the Northern Forest (Fraver et al., 2009) in the AFERP. It was postulated that 
such systems could sustain productivity for commodity harvests, restore structural 
complexity diminished by even-aged harvesting practices, and promote biodiversity 
(Holling, 1973; Seymour and Hunter, 1992; North and Keeton, 2008).  
A central tenet to ecological forestry silvicultural prescriptions, and all others created 
after the New Forestry initiative, is maintaining diversity on the harvested landscape in 
the form of retained trees (read: biological legacies) which are to represent an array of 
species, and size- and age-classes to act as a coarse-filter approach in achieving 
ecologically based management objectives. It is theorized that such retention practices 
not only provide refugia and a living energy source to flora and fauna within these 
3 
 
harvested areas, but also assist in the recovery of the harvested system and improve the 
adaptive capacity by maintaining successional pathways.  
Attaining the ecological objectives of maintaining live energy sources and accelerated 
restoration of late-successional structures requires deliberate monitoring of the survival 
and growth of these features.  The fate of these trees under novel prescriptions will 
impact retention practices in the form of the selection of candidates for retention and 
harvest layouts in these systems in the future.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
CHAPTER ONE 
 
SURVIVAL OF RESERVE TREES IN AN EXPANDING-GAP SILVICULTURAL 
SYSTEM 20 YEARS AFTER ESTABLISHMENT 
1.1.  Abstract 
Land managers today are increasingly called upon to retain and restore old-growth features 
on harvested landscapes in order to reverse the current global decline of large, old trees 
and their associated elevated levels of biodiversity and ecosystem function. Such retention 
practices are commonly thought to and often result in increased rates of mortality due to 
increased exposure to wind, thereby compromising management objectives. This study 
investigated the survival dynamics of the reserve trees (n=787) retained in harvested gaps 
established 20 years prior in the Acadian Forest Ecosystem Research Project (AFERP) in 
Eddington and Bradley, Maine.  
A high overall survival rate (91.6 ± 0.02%) across 18 species is attributed to variables 
associated with vigor – post-treatment growth rate and crown ratio – and increased stem 
taper. Thuja occidentalis (81% survival rate) performed the poorest of all species with a 
sample size greater than 50, while Tsuga canadensis (97.9% survival rate) performed the 
best of all reserve trees with a sample size greater than 50. The unique, expanding-gap 
silvicultural systems prescribed in this study may explain the low incidence of windthrow 
experienced by the reserve trees in this study relative similar studies throughout the world. 
Reserve trees are reacting differently due to their spatial location within gaps, however, 
which indicates that deliberate selection of a reserve tree prior to harvest based on its 
position relative to the edge of the harvested gap, could further increase the survival rates 
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experienced in this study. This study suggests that these are viable silvicultural systems, 
capable of conserving and restoring mature trees through retention.         
1.2. Introduction 
The majority of the world’s forests – 55% - are managed as multifunctional forests, 
providing human commodities and other goods and services (FAO, 2010; Gustafsson et 
al., 2012). This management has contributed to the global decline of large, old trees and 
down woody debris (FAO, 2010, Lindenmayer et al., 2012a). Timber management based 
on the agricultural model often leads to the homogenization and reduced age of forested 
landscapes which, in turn, supports less plant and animal diversity than old-growth or 
unmanaged forests (Smith et al., 1997; Bauhus et al., 2009; Puettman et al., 2009; 
Fedrowitz et al., 2014).  Given that the global area of strict forestland reserves is limited 
economically and socially, conservation and restoration of large, live trees must occur in 
managed forests (Frelich and Puettman, 1999; Lindenmayer and Franklin, 2002; Lohmus 
et al., 2005; Gustafsson et al., 2012). 
The Acadian Forest Ecosystem Research Project (AFERP) located in the Penobscot 
Experimental Forest (PEF) in Maine was established in 1994 to test ecological forestry 
concepts using three replications of two expanding-gap regeneration systems with reserve 
trees (Seymour et al., 2005; 2006). Informed by the natural gap-dynamics disturbance 
regime typical of the Northern Forest (Fraver et al., 2009), it was postulated that such 
systems could sustain productivity for commodity harvests, restore structural complexity 
diminished by even-aged harvesting practices, and promote biodiversity (Holling, 1973; 
Seymour and Hunter, 1992; North and Keeton, 2008). These silvicultural systems balance 
the retention of old-growth features – e.g. large, old trees and coarse woody debris -  to 
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maintain biodiversity and economically viable wood production (Bauhus et al., 2009; 
Lindenmayer et al., 2012b; Fedrowitz et al., 2014). While ecological forestry is an 
established practice in many countries and based on well-studied natural disturbance 
dynamics, it is still a relatively novel concept as a silvicultural system, which necessitates 
critical evaluations of experimental designs for future application throughout the world 
(Seymour et al., 2005; 2006; Gustafsson et al., 2012). 
A key component of these silvicultural systems in accomplishing biodiversity objectives is 
the retention of live, mature trees (hereafter “reserve trees”) within harvested gaps as 
biological legacies to serve as refugia or “lifeboats” for organisms as the system 
regenerates post-harvest (Franklin et al., 1997; Lindenmayer and Franklin, 2002). These 
keystone, old-growth features are disproportionately important providers of resources 
crucial for other species (Manning et al., 2006). Maintaining these features on managed 
landscapes serves as a “coarse-filter” approach to sustaining viable habitat for threatened 
species, supplying ecosystem services, and maintaining structural diversity and overstory 
connectivity (Hunter, 1990; Swanson and Franklin, 1992; Franklin et al., 1997; 
Lindenmayer and Franklin, 2002; Blomquist and Hunter, 2010; Lindenmayer et al., 
2012b). Furthermore, reserve trees provide maintenance and rapid restoration of 
environmental values associated with structurally complex forests (Franklin et al., 1997), 
they maintain spatial and temporal continuity of key habitat elements and processes (Kouki 
et al., 2001; Bauhus et al., 2009; Gustafsson et al., 2010; Swanson et al., 2011) and are also 
significant contributors to terrestrial carbon storage and sequestration (Stephenson et al., 
2014).  
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In Maine, the capacity of ecological forestry to promote old-growth features has particular 
relevance as the last four centuries of anthropogenic influence has altered the Northern 
Forest by favoring generalist and disturbance-associated species, reducing tree size and 
age, and decreasing structural complexity (Loo and Ives, 2003; Barton et al., 2012). Intense 
harvesting has led to trees being heavily skewed toward smaller size classes compared to 
the size class distribution pre-settlement (Lorimer, 1977; Lorimer and White, 2003; Barton 
et al., 2012). The statewide Forest Inventory and Analysis found that for trees at least five 
inches in DBH, only 7.2% are 33-53 cm in DBH and less than 0.5% are larger than 53 cm 
in DBH (McCaskill et al., 2010). Maine forests are also known to be lacking large diameter 
classes of snags, cavity trees, and logs (Rowland et al., 2005). 
Mortality of live trees is expected to increase as a result of harvesting as the removal of 
adjacent trees often increases vulnerability to wind (Wiedman, 1920; Issac, 1940; Savill, 
1982; Lohmander and Helles, 1987; Huggard, et al., 1999; Moore et al., 2003) because 
trees growing in intact forests are not thought to be architecturally adapted to withstand 
increased windstress from greater exposure (Petty and Swain, 1985). Previous research on 
windthrow following partial harvest shows that retained trees are initially at increased risk 
of wind damage as a result of exposure for a short period of 2 to 5 years, after which 
vulnerability decreases (Wiedman, 1920; Savill, 1983; Foster, 1988; Ruel et al., 2003; Scott 
and Mitchell, 2005; Busby et al., 2006; Gibbons et al., 2008; Rosenvald et al., 2008). 
Elevated rates of mortality can persist beyond a decade, however (Ruel et al., 2001; 
Casperson, 2006). 
Coates (1997) provides an extensive list of factors influencing wind-caused mortality in 
forest stands: (1) internal stand characteristics: age, species composition, diameter and 
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height distributions, presence of root rot, (2) internal stand treatment history: time since 
last cutting, percent of stand removed during cutting, adjacent stand history, soil moisture 
and depth, and topography, and (3) storm characteristics: season, wind direction, average 
and maximum gust wind speed (Hubert, 1918; Curtis, 1943; Ruth and Yoder, 1953; Savill, 
1983; Harris, 1989; Stathers et al. 1994; Navratil, 1995; Coutts and Grace, 1995; Ruel, 
1995). Thorpe et al. (2008) also found proximity to skid trails to be a significant correlate 
to reserve tree mortality.   
Variability in mechanical properties among tree species, and size and age within species, 
has been found to lead to varying susceptibility to windthrow (King 1986; Mattheck et al., 
1995; Wood 1995; Asner and Goldstein, 1997; Webb, 1999).  Dunham and Cameron 
(2000) examined damage at the individual tree-level in Picea sitchensis stands and found 
trees with compression wood and asymmetrical crowns were significantly more likely to 
be damaged as were tall and large-diameter trees on wet sites. Gibbons et al. (2008) 
investigated reserve tree survival in logged eucalypt forests in Australia. They found, in 
general, the significant variables in a model predicting reserve tree survival were all 
measures of tree health. Specifically, they found that trees with incomplete crowns or trees 
with at least one visible cavity were, on average, at three times greater risk of collapse 
relative to trees with complete crowns or no visible cavities, respectively. Similarly, trees 
with fire-scarring, trees retained greater than 50 m from intact forest or trees retained in 
isolation were, on average, around twice the risk of collapse relative to trees without fire-
scarring, trees retained within 50 m from intact forest or trees retained among other trees, 
respectively. It has been further postulated that certain trees may maintain higher adaptive 
capacities that allow them to persist (i.e. become more wind firm) in more open conditions 
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over time following a harvest including accelerated diameter growth (Holgen et al., 2003), 
the strengthening of their root system (Foster, 1988; Peterson, 2004), and modification of 
their canopy shape (Foster, 1988; Canham et al., 2001). Even within a given region, species 
relative resistance to uprooting can vary with soil type (Élie and Ruel, 2005). 
Although there have been over 20 studies on the performance of reserve trees, major gaps 
in the understanding of reserve tree survival dynamics exist: namely, long-term survival, 
the optimum density and spatial configuration, analysis of systems and species outside of 
the Pacific Northwest and boreal forest, stand dynamic responses, and individual 
characteristics of reserve trees that promote survival are considered among the most 
important remaining questions for retention-harvest research (Franklin et al., 1997; Thorpe 
and Thomas, 2007; Rosenvald and Lõhmus, 2008). Strategic harvest designs and follow-
up scientific investigations are critical. 
In this study, we explore the spatial and temporal dynamics of reserve tree survival in two 
experimental expanding-gap silvicultural systems in the PEF in east-central, Maine. The 
objectives for this study were: (i) assess treatment effects on the survival of reserve trees; 
(ii) determine significant tree-demographic predictors of survival; and (iii) investigate the 
influence of exposure on the survivorship of reserve trees.   
1.3.  Methods 
1.3.1.  Study Site 
The AFERP is located in the PEF, approximately 15 km northeast of Bangor, Maine in the 
towns of Eddington and Bradley (44_510N, 68_370N). The PEF is 1,618 ha and part of 
the Acadian Forest Region – a transitional ecotone between the northern boreal and 
southern broadleaf forests with a cool, humid climate. The mean annual temperature for 
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nearby Bangor is 7.06 C°, with 48% of the 106 cm of precipitation falling during the 
average growing season from May through October (156 days; Adams et al., 2004, 
Aresenault et al. 2011). The coldest and warmest months are January and July, with average 
daily temperatures of -7.7 C, and 20.6 C, respectively. The soils are derived from glacial 
till and range from well-drained loams, stony loams and sandy loam ridges, to poorly 
drained loams and silt loam flat areas, with poorly drained silt and silty clay loams along 
watercourses and depressions (Aresenault et al., 2011; Brissette, 1996; Saunders and 
Wagner, 2008).  
1.3.2.  Project Background 
In AFERP, two expanding-gap silvilcultural regeneration methods were designed to 
emulate the 1% annual disturbance frequency and disturbance pattern common to the 
Acadian eco-region (Arsenault et al., 2011). There are nine, approximately 10 ha research 
blocks; six are treated while three serve as unmanaged controls. Three blocks are treated 
with an irregular group shelterwood with reserves and three blocks are treated with a group 
selection treatment.  
In the irregular group-shelterwood with reserves treatment, 20% of the area is harvested 
with a 10-year regeneration period between gap expansions (hereafter “large-gap”). The 
large-gap system is designed to encourage natural regeneration of tree species of 
intermediate shade tolerance and to maintain stands of mid-successional status. In the 
group-selection treatment, the system is spatially and temporally half of the large-gap 
system. This system harvests 10% of the area with a 20-year regeneration period between 
gap expansions (hereafter “small-gap treatment”). The small-gap system is designed to 
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encourage shade-tolerant species and accelerate development of late-successional stands. 
Both systems are applied using a 10-year cutting cycle.  
Within the treated blocks, an average of 19% of the initial stand basal area was retained as 
temporary overwood and reserve trees. A total of 18 species were represented in gaps: Of 
the hardwoods found in the Northern Forest, we retained red maple (Acer rubrum L.), sugar 
maple (A. saccharum), eastern shadbush (Amelanchier canadensis), yellow birch (Betula 
alleghanienses), paper birch (B. papyrifera), American beech (Fagus grandifolia), white 
ash (Fraxinus americana), black ash (F. nigra), ironwood (Ostrya virginiana), big-tooth 
aspen (Populus grandidentata), trembling aspen (P. tremuloides), and red oak (Quercus 
rubra). Of the softwoods found in the Northern Forest, we retained balsam fir (Abies 
balsamea), red spruce (Picea rubens), red pine (Pinus resinosa), white pine (P. strobus), 
northern white cedar (Thuja occidentalis), and hemlock (Tsuga canadensis). All blocks are 
continuously measured on staggered, 5-year intervals with permanent, fixed-area plots. 
Likewise, the reserve trees are permanently tagged and have been re-inventoried on the 
same staggered, 5-year interval. Of the six treated blocks, three are under the irregular 
group-shelterwood regime and three are under the group-selection management regime.  
A stand-wide basal area (BA) quantification of retention in both the large-gap and small-
gap treatments is shown in Table 1.1. In these systems, retention exists in three classes: 
unharvested matrix, permanent reserves in gaps, and temporary overwood trees in gaps that 
can be harvested in future entries. In both treatments, an average experimental, permanent 
retention-level of 10% of the original stand BA was specified in the original (ca. 1995) 
study plan, but actual retention has been slightly higher (11-18%, Table 1.1). These trees 
are intended to be retained permanently as relatively isolated, dispersed reserve trees, 
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distributed throughout the gaps as they are created. The criteria for the selection of reserve 
trees is trees possessing some or all of the following traits: (1) current or potential wildlife 
value, (2) rare species, (3) large size, and (4) the potential for high timber value under a 
long rotation.  
In some gaps, “overwood” trees were temporarily retained either as immature growing 
stock or as additional overstory cover in areas of low advance-regeneration stocking to 
promote the establishment of desired species and mitigate the growth of unwanted 
intolerants. The overwood trees over 25 cm DBH were inventoried (species identification, 
DBH, spatial data) and included in the analysis to detect any influence over the survival of 
reserve trees by increasing retention density within gaps.  
Treatment Decade Unharvested Matrix 
Harvest Gaps Area-weighted 
Average Stand-
wide Retention 
 Permanent 
Reserve Trees 
Temporary 
Overwood 
Trees 
  
Area 
(ha) 
Percent 
of Stand 
BA 
Area 
(ha) 
BA 
Percent 
of 
Matrix 
BA 
Percent 
of 
Matrix 
BA 
Percent 
of Matrix 
Large-gap 1 25.6 85% 37.5 4.3 6.0 16% 1.2 3% 33.1 88% 
Large-gap 2 19.3 65% 37.5 10.6 6.6 18% 1.4 4% 27.0 72% 
Small-gap 1 29.6 93% 37.5 2.2 4.3 11% 6.4 17% 35.6 95% 
Small-gap 2 27.3 85% 37.5 4.6 4.9 13% 3.4 9% 33.3  89% 
Table 1.1. Stand metrics and retention levels by treatment and decade. Values are at the 
beginning of each decadal period.  Areas are the total for three replicates of each 
treatment; basal areas are averages of the three replicates in m2 ha-1.  
1.3.3.  Field Methods 
All reserve trees (N=787) within the six treated research areas were revisited. Species, 
DBH, height (HT; m), lowest-live-crown (height to lowest live whorl; LLC; m), condition 
(live, declining, or dead), and spatial data using a Trimble GeoXH were recorded. Using 
the protocol from the International Tree Failure Database (Smiley et al., 2006), all dead 
trees with structural failure had additional data collected. For trees with broken trunks, 
height of failure above grade (m), diameter at break inside bark (cm), defects associated 
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with failure were collected. For uprooted trees, diameter of the largest broken root (cm), 
distance of broken root to trunk (m), root plate radius (m), root plate depth (cm) were 
collected (Appendix A). If a tree was found dead, decay-class (Harmon et al., 2011; USDA, 
2012) was noted. If the tree had failed structurally, the type of failure was recorded (trunk 
broken, brash, or uprooted). If the trunk was broken, the stem was visually inspected for 
evidence of wind (vertical shear of wood fibers; wind-caused) or brash failure (horizontal, 
planar break; fungal-caused). Uprooted trees were designated as having been windthrown. 
The HT, DBH, and spatial data were collected for each down tree and the azimuth of the 
direction of fall (degrees) was collected for all wind-caused deaths. LLC was not collected 
for down trees as decay impeded the collection of accurate data. These data were obtained 
from the most recent inventory of the tree while it was still living. Other variables were 
extracted from the AFERP database, as well. Cavity presence, condition history (a visual 
health assessment of the tree over the duration of the project), and post-treatment growth 
rate were extracted from the database and incorporated into models for each reserve tree.  
The spatial data were analyzed using the geospatial analytical software program, ArcGIS 
10.2. Using this software, initial and expanded gap area were calculated as were metrics 
related to exposure. Exposure of individual trees to wind was described using three 
variables (1) nearest distance to original gap edge (reserve trees in unexpanded gaps (small-
gap system only) and gaps prior to expansion (large-gap system only)), (2) nearest distance 
to expanded gap edge, (for reserve trees in the gap expansions (large-gap system only)), 
and (3) nearest distance to original gap edge from expansion (large-gap system only). This 
final metric measures the degree of partial exposure experienced by reserve trees prior to 
gap expansions. These measurements were used as exposure metrics for each respective 
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reserve tree depending on its exposure history through the duration of the project. If a tree 
died prior to the expansion of the gap it was in, based on a previous inventory, this was 
accounted for when describing its exposure history.  
1.3.4.  Statistical Analysis 
1.3.4.1.  Treatment Effects 
Post-hoc pairwise comparisons of reserve tree mortality rates between the two silvicultual 
systems, large-gap and small-gap, as well as a comparison between the treatments and the 
control were conducted using the Tukey’s Honest Significant Difference (Tukey’s test) 
function in the multcomp package (Hothorn et al., 2008) in R (R Project, 2015). The 
overstory trees in the control were compared to the reserve trees in the treatments by 
stratifying the data from both to match the species composition and size class distribution 
of each other (paired analogues). These data were then analyzed using a mixed-effects 
ANOVA (compartment treated as random) and Tukey’s test for making pairwise 
comparisons by treatment, species, and species within treatment, respectively. Direction of 
fall data were used in a circular, directionally based analysis using the circular statistical 
software package, Oriana, to determine if there was a statistically significantly more 
frequent direction of fall within treatments. Statistical significance for all tests were 
deemed at p<0.05.  
1.3.4.2.  Tree Demographic and Exposure Variables 
For all analyses of tree demographic and exposure variables, seven reserve trees from three 
different species groups (Abies balsamea (n=4), Amelanchier canadensis (n=1), Ostrya 
virginiana (n=2)) were omitted due to their low abundances. Similarly, due to small sample 
15 
 
sizes, Betula spp., Fraxinus spp., and Populus spp. were collapsed into respective genera 
groups. Generalized linear models with a binomial error distributions were constructed. 
Model performances were assessed using the “area under the curve” (AUC) output from 
the pROC function in the ‘pROC’ library in R (Robin et al., 2011). Due to the relatively 
small samples sizes for some species in this study, models were compared using the Akaike 
information criterion with a small-sample bias adjustment (AICc) using the AICc function 
in the ‘AICcmodavg’ library in R (Burnham and Anderson, 2002; Mazerolle, 2015). 
Tree demographic variables consisted of species, crown ratio, post-treatment growth, 
slenderness, DBH, HT, condition history, and cavity presence. Crown ratio was calculated 
by subtracting LLC from HT and dividing the total by HT. Post-treatment growth rate was 
calculated by averaging the growth rates between inventories for each reserve tree after the 
initial harvest. Slenderness was calculated by dividing HT by DBH. Condition history 
consisted of qualitative numerical data covering a range of values from a visual assessment 
of tree health from previous inventories. The value range was 0 = alive; 2 = cull; 3 = broken 
top or dead top; 4 = almost dead; and 5 = leaning tree. Cavity presence was a binary variable 
noting the presence or absence of a cavity. These data were also extracted from previous 
inventories.  
Exposure variables consisted of treatment, retention density, gap area, duration of 
exposure, distance to the nearest original gap edge, distance to the nearest expanded gap 
edge, distance to the nearest original gap edge from expansion. Retention density was 
calculated by dividing the summed totals of overwood and reserve tree basal area by the 
area of each respective gap in which they were located. Tree demographic and exposure 
variables were analyzed separately.  
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1.4.  Results 
 
1.4.1. Survival of Reserve Trees 
The survival rate across all reserve trees was 91.6%. (Table 1.2).  A total of 66 reserve trees 
died since the onset of this experiment in 1994 resulting in an annualized mortality rate of 
0.44%. 59.1% of the mortality was wind-caused (N=39) with 33.3% detected by trunk 
breakage and 25.7% detected by uprooting (Table 1.2). 40.9% of the mortality was from 
other causes: 18.2% were standing dead and 22.7% had fallen as the result of brash failure 
(Table 1.2). For species with 20 or more observations, Thuja occidentalis (81.0%), B. 
papyrifera (83.3%), and Picea rubens (88.9%) had the lowest survival rates (Table 1.2). 
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 Retained Trees 
  
No. of trees that died during the study 
Tree Species No. %Survival Brash Died 
Standing 
Trunk 
Broken 
Uprooted Wind-caused 
deaths% 
Abies balsamea 4 100.0 0 0 0 0 0 
Acer rubrum 119 96.6 2 0 2 0 50 
Acer saccharum 33 97.0 0 0 0 1 100 
Amelanchier 
canadensis 
1 0.0 0 1 0 0 0 
Betula 
alleghaniensis 
12 91.7 0 1 0 0 0 
Betula papyrifera 24 83.3 3 1 0 0 0 
Fagus grandifolia 17 88.2 1 0 1 0 50 
Fraxinus 
americana 
22 100.0 0 0 0 0 0 
Fraxinus nigra 1 100.0 0 0 0 0 0 
Ostrya virginiana 2 100.0 0 0 0 0 0 
Pinus resinosa 12 91.7 0 0 0 1 100 
Picea rubens 153 88.9 4 1 6 6 70.6 
Pinus strobus 112 91.1 3 2 4 1 50 
Populus 
grandidentata 
9 100.0 0 0 0 0 0 
Populus 
tremuloides 
18 66.7 1 2 3 0 50 
Quercus rubra 18 100.0 0 0 0 0 0 
Thuja occidentalis 84 81.0 1 2 6 7 81.3 
Tsuga canadensis 146 97.9 0 2 0 1 33.3 
Total 787 91.6 15 12 22 17 59.1 
Table 1.2. Number of reserve trees and mortality data for different species covering the 
duration of the study 
1.4.2. Treatment Effects 
Mortality was significantly higher (p = 0.017 and 0.004, respectively) in the large-gap 
treatment (10.4%) than in the small-gap treatment (4.2%). There was no significant pattern 
in the direction of fall analysis for either treatment (Rayliegh test p=0.161 and p = 0.33, 
respectively; Figure 1.1), however. The large-gap treatment appeared to maintain a 
diametrically bimodal pattern, but after using the standard angle-doubling procedure, this 
relationship proved to not be significant (p>0.5).  
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Overall mortality of retained trees was significantly lower in the treated RAs vs. paired 
individuals in the controls (p < 0.001; 8.1% and 17.8%, respectively (Table 1.3; Appendix 
B)). Abies balsamea and Picea rubens both had significantly lower incidences of mortality 
(p = 0.06 and 0.0002, respectively) in the treated blocks than the controls. All other 
conspecific comparisons between the controls and treated blocks were not significant. The 
treated blocks tend to maintain higher survival rates in lower size classes than the control, 
while the control tends to maintain higher survival rates in the larger size classes than the 
treated blocks. However these mortality trends by size-class were not significant 
(Appendix C). 
 
Figure 1.1. Circular histograms of direction of fall for windthrown trees by treatment 
Variable F-ratio p-value 
Treatment (Levels: Treatment, Control) 48.45 <0.001 
Species 35.75 <0.001 
Treatment * Species 5.03 <0.001 
Table 1.3. ANOVA output summary table treatment effects vs. the control 
1.4.3. Predictors of Mortality 
The model construction in this study was divided into two analyses: (1) tree demographic 
variables and (2) exposure variables. This division reflects the two distinct stages in 
implementing this silvicultural prescription: (a) reserve tree selection based on 
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demographic attributes and (b) the harvest layout. Therefore, these analyses will be 
addressed separately. Within these separate analyses, models were constructed and 
assessed for windthrow and mortality, respectively. 
1.4.3.1. Tree Demographic Variables Model Construction  
An ANOVA of the tree-demographic variables predicting windthrow showed that post-
treatment growth rate (p=0.003) was the only significant variable, while crown ratio was 
marginally significant (p=0.1) (Table 1.4).  An ANOVA of the tree-demographic variables 
predicting mortality showed that species (p=0.001) and post-treatment growth rate were 
significant (Table 1.4).  As a main effect, species was significant when predicting mortality 
(p=0.001; Table 1.4). In a pairwise comparison of mortality rates across species, mortality 
rates were significantly lower in Tsuga canadensis than Thuja occidentalis (p=0.00035) 
and Populus spp. (p=0.021) but significantly higher in Thuja occidentalis and Populus spp. 
than A. rubrum.   
Tree-Demographic Main 
Effects 
 
 
Mean Windthrow (N=39) 
 
Mortality (N=66) 
 
p-value p-value 
Species N=18 0.5 0.001 
Crown Ratio (%) 0.53 0.1 0.34 
Post-Treatment 
Growth Rate (cm yr-1) 
0.46 0.003 0.00 
Slenderness (HT:DBH) 0.603 0.27 0.65 
DBH (cm) 35.54 0.9 0.9 
HT (m) 20.01 0.72 0.98 
Condition History 0.46 0.8 0.87 
Cavity (binary) N=17 0.3 0.27 
Table 1.4. ANOVA output summary table of tested tree demographic variables  
 
The highest supported generalized linear model of tree demographic variables predicting 
windthrow included post-treatment growth and slenderness (AUC: 0.90; AICc: 95.82; 
Table 1.5). Post-treatment growth rate and slenderness maintained a significant negative 
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relationship with windthrow, i.e. increased as incidence of windthrow decreased. Though 
not incorporated in the highest supported model, crown ratio maintained a significant 
negative relationship with windthrow, as well. 
 
Model 
 
Windthrow 
AUC 
 
Windthrow 
AICc 
 
Windthrow 
∆AICc 
Post-Treatment Growth Rate + Slenderness 0.90 95.82  
Post-Treatment Growth Rate 0.91 99.7 3.88 
Crown Ratio 0.63 219.5 123.68 
Table 1.5. Model assessment of tree demographic variables in predicting windthrow 
(AUC= Area Under Curve; AIC = Akaike’s Information Criteria)  
 
The highest supported tree demographic variables predicting mortality included species 
and post-treatment growth rate (AUC: 0.94; AICc: 148.9; Table 1.6). Post-treatment growth 
rate maintained a significant negative relationship with mortality, i.e. increases as 
incidence of mortality decreases. 
Model Mortality 
AUC 
Mortality 
AICc 
Mortality 
∆AICc 
Species + Post-Treatment Growth Rate 0.94 148.9  
Post-Treatment Growth Rate 0.85 162.7 13.8 
Table 1.6. Model assessment of tree demographic variables in predicting mortality (AUC= 
Area Under Curve; AIC = Akaike’s Information Criteria) 
1.4.3.2. Exposure Variables Model Construction 
An ANOVA of the exposure variables predicting windthrow showed that duration of 
exposure and distance to original gap edge were significant variables (Table 1.7). An 
ANOVA of the exposure variables predicting mortality showed that duration of exposure 
was the only significant variable, while treatment and distance to expanded gap edge were 
marginally significant (Table 1.7).   
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As a main effect, treatment was marginally significant as a predictor of mortality (Table 
1.7). In a pairwise comparison of mortality rates across treatments, the small-gap treatment 
had significantly less mortality than the large-gap treatment (p=0.004).  
 
 
Exposure Variables 
 
 
Mean 
Windthrow 
(N=39) 
Mortality 
(N=66) 
p-value p-value 
Treatment (large-gap; small-gap) Gap size: 5,047m2; 1110.6 m2 0.19 0.06 
Gap Area (m2) 4628.79 0.21 0.61 
Retention Density (m2 ha-1) 9.6 0.15 0.16 
Duration of Exposure (yrs) 11.34 0.00 0.00 
Distance to Original Gap Edge (m) 6.63 0.01 0.94 
Distance to Expanded Gap Edge (m) 12.71 0.41 0.11 
Distance to Original Gap Edge from 
Expansion (m) 
10.78 0.66 0.58 
Table 1.7. ANOVA output summary table of tested exposure variables 
 
The highest supported model of exposure variables predicting windthrow included 
treatment, duration of exposure, and distance to expanded gap edge (AUC: 0.74; AICc: 
287.1; Table 1.8). Duration of exposure maintained a significant negative relationship with 
windthrow, i.e. increased as incidence of windthrow decreased. Distance to expanded gap 
edge maintained a significant positive relationship with windthrow, i.e. increased as 
incidence of windthrow increased.   
Model Windthrow    
AUC 
Windthrow 
AICc 
Windthrow 
∆AICc 
Treatment + Duration of Exposure + Distance to 
Expanded Gap Edge 
0.71 289.3  
Treatment + Duration of Exposure 0.69 290.5 1.2 
Duration of Exposure 0.67 297.5 8.2 
Treatment 0.59 307.5 18.2 
Table 1.8. Model assessment of exposure variables in predicting windthrow (AUC= Area 
Under Curve; AIC = Akaike’s Information Criteria) 
The highest supported model of exposure variables in predicting mortality included 
duration of exposure, treatment, and distance to original gap edge (AUC: 0.72; AICc: 
404.6; Table 1.9).  Duration of exposure maintained a significant negative relationship with 
mortality, i.e. increased as incidence of mortality decreased. Distance to original gap edge 
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maintained a significant positive relationship with mortality, i.e. increased as incidence of 
mortality increased. 
Model Mortality 
AUC 
Mortality 
AICc 
Mortality 
∆AICc 
Duration of Exposure + Treatment + Distance to 
Original Gap Edge 
0.72 404.6  
Duration of Exposure + Treatment 0.72 407.7 3.1 
Duration of Exposure 0.69 419.3 14.7 
Duration of Exposure + Distance to Original Gap 
Edge 
0.71 419.9 15.3 
Treatment + Distance to Original to Gap Edge 0.62 441.9 37.3 
Table 1.9. Model assessment of exposure variables in predicting mortality (AUC= Area 
Under Curve; AIC = Akaike’s Information Criteria) 
 
1.5. Discussion 
1.5.1. Treatment Effects 
This study revealed a comparably high survival rate (91.6%) and low windthrow rate 
(4.8%; Table 1.10) for all reserve trees. In other studies, incidence of windthrow tends to 
decrease with increased retention levels and increase with increased duration of exposure, 
as is generally concluded in the studies listed in Table 1.10. In our study, retention density, 
although not varied experimentally, was not a significant predictor of mortality or 
windthrow and incidence of mortality and windthrow were negatively associated with 
duration of exposure. This suggests that the reserve trees in this study maintain a strong 
adaptive capacity to increased windstress, promoting long-term survival of the reserve trees 
in this system. 
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Author 
 
Location 
Dispersed-
retention-level 
(Percent of 
original stand) 
Time elapsed 
since harvest 
(years) 
Windthrow 
Mortality 
(Percent of 
residual stand) 
Isaac (1940) Washington and 
Oregon 
Data not available 11-15 2.8 – 50% 
Arnott and Beese 
(1997) 
MASS 5%; 25% 6 10.3%; 29.4% 
Coates (1997) Cascade Range 
(Date Creek) 
70% BA 2 1.7% 
Vyse (1997) Sicamous Creek 
Silvicultural 
Systems 
Research Project 
66% 4.7 2.75% 
Aubry et al. (1999) 
and Halpern et al. 
(1999) 
Washington and 
Oregon (DEMO) 
15%; 40% 2-3 5.8%; 1.8% 
Beurmeyer and 
Harrington (2002) 
Washington 18 stems/ha 12 7%* 
Walter and Maguire 
(2004) 
Oregon 20-30 stems/ha 10 4% 
Bebber et al. (2005) Ontario, Canada 50% BA 3 25% 
Scott and Mitchell 
(2005) 
British 
Columbia, 
Canada 
5% to 90% BA 1 – 6 16.5% 
Busby et al. (2006) Cascade Range, 
Oregon 
Data not available 8 – 18 18.9% 
Bladon et al. (2008) Alberta, Canada 10% BA 4 3.6%** 
Rosenvald et al. (2008) Estonia 6% BA 6 35% 
Garber et al. (2011) Oregon (CFIRP) 25% BA (20-30 
stems/ha) 
13-14 16% 
Lavoie et al. (2012) Quebec, Canada 60 stems/ha; 93 
stems/ha 
5 – 8 36%; 28% 
This study (2015) Maine (AFERP) 19% BA; 67 
stem/ha 
7-19 4.8% 
Table 1.10. Summary of wind-caused mortality in similar dispersed retention treatments  
* stands in this study were previously thinned multiple times 
** Only uprooted trees were considered to have been windthrown; likely an underestimate 
 
O’Hara (2014) postulates that complex structures like those created in this study may have 
greater resistance to windthrow as upper canopy trees that develop resistance due to their 
emergent canopy position shield smaller trees from damaging wind, or the structure may 
allow for a greater degree of wind penetration into the canopy, thereby resulting in greater 
resistance in all trees. Ruel (1995) argued that the most influential factor regarding mature 
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tree mortality in partial cuttings and variable retention cuts is the condition of adjacent 
stands. The adjacent stands in AFERP are mostly uncut forest matrix with the exceptions 
of shelterwood cuts adjacent to RAs 1 and 5 to the east and north, respectively, and 
thinnings to west of RA 6.  
1.5.2. Tree Demographic Variables 
Survival of Thuja occidentalis was lowest of any species with a large sample size (n>50). 
This species was commonly found in wet sites which may have contributed to poor rooting 
and thus increased windthrow. Tsuga canadensis performed best of all species with a large 
sample size. This species is commonly retained as a reserve tree owing to its relatively low 
economic value but high ecological value attributable to its longevity and dense canopy 
cover. Similarly, A. rubrum performed well in this study for trees with more than 50 
observations with a 96.6% survival rate (Table 1.2). Picea rubens, a shallow-rooted, high-
value species often considered prone to windthrow, performed well in this study (88.9% 
survival rate; Table 1.2) and had a significantly higher survival rate than its paired 
analogues in the control. This suggests that concerns commonly held by land managers 
over the poor windfirmness of Picea rubens may be exaggerated.  
Metrics associated with vigor – crown ratio and growth rate – were negatively associated 
with mortality and, thus, high values in these variables were correlated with survival in this 
study. These findings agree with those of Gibbons et al. (2008). From a land manager 
perspective, this finding would support selecting trees with large crowns as a proxy for 
high growth rate and vigor when growth rate data are unavailable. Slenderness was also 
significantly negatively associated with mortality. This would suggest favoring against the 
selection of tall, spindly trees. Abiding by these guidelines strictly, however, will 
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compromise the objective of retaining a diverse cohort of reserve trees of varying age, size, 
and species. Selecting the individual of each species with the highest value for attributes 
associated with vigor and stem form is therefore the best option. 
Although cavities are a structural defect in the trunk of the tree, the presence of a cavity 
was not significantly correlated with mortality or windthrow (2 were found dead, 1 of 
which from windthrow, of the 17 recorded as having a cavity present). Therefore, the 
selection of such features should provide the desired habitat structure at no added risk of 
mortality or windthrow  
1.5.3. Exposure Variables 
The lack of any directional pattern in the windthrow analysis could be explained by the 
adaptive growth patterns of reserve trees, as shown in the negative association of incidence 
of windthrow and mortality with duration of exposure. As windstress caused by the 
prevailing wind direction stimulates growth that resists windthrow in that direction, the 
tree becomes more asymmetrical and vulnerable to windthrow in erratic winds generated 
by powerful storms that gust in directions in which the tree is not yet adapted (Oliver and 
Larson, 1996; Taylor and MacLean, 2007). A non-directional windthrow pattern, like that 
found in this study, is commonly associated with catastrophic winds as was noted by Ruel 
(2000) when a powerful storm blew wind in an unusual direction and disrupted the pattern 
previously found between westerly wind speeds and windthrow direction.  
Another factor leading to the high rate of survival found in this study may be the 
prescription itself. Many gaps were originally created in pre-existing natural openings with 
adequate advance regeneration that were subsequently expanded gradually over successive 
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entries. Furthermore, in areas of low advance regeneration stocking, additional overwood 
was retained. These harvesting practices may “pre-adapt” (Rosenvald et al., 2008) or 
gradually increase exposure of the mature trees retained allowing for the trees to develop 
resistance to windthrow. Given the comparably low windthrow rate, this project may have 
developed a prescription that allows for uniquely high survival rates of reserve trees. The 
metric designed to account for “pre-adaptation” – distance to original gap edge from 
expansion – was not significant in predicting survival, however. The presence of emergent 
Pinus strobus canopies and the relatively small gap sizes in this project, may have created 
a system aerodynamically disposed to reduced vulnerability to catastrophic winds.  
Distance to original gap edge was significantly positively associated with mortality and not 
windthrow, while distance to expanded gap edge was significantly positively associated 
with windthrow. These phenomena could be explained by (1) trees dying as a result of 
shock soon after gap creation (i.e. significant positive correlation between mortality and 
distance to original gap edge) and wind stress increasing at the micro-site level closer to 
the center of gaps as the gaps expanded (i.e. significant positive correlation between 
windthrow and distance to expanded gap edge).  
 
1.6. Conclusions 
Currently, this study stands as the oldest of its kind (Table 1.10), allowing for a unique and 
robust study of reserve tree survival. Based on these findings, silvicultural prescriptions 
should gradually increase exposure of retained tree and target the retention of trees with 
high values in variables associated with vigor, in order to improve survival rates of reserve 
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trees. Follow-up studies on reserve trees should focus on defining species-specific health 
and exposure metrics that support survival that can be quickly assessed in the field during 
selection of retained or reserved trees, as well as the impacts of reserve trees on 
regenerating cohorts, spatial connectivity, and avian populations.  
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CHAPTER TWO 
 
GROWTH OF RESERVE TREES IN EXPANDING-GAP SILVICULTURAL 
SYSTEMS 20 YEARS AFTER ESTABLISHMENT 
2.1. Abstract 
To inform the selection of reserve trees by defining the attributes that are associated with 
positive growth responses to treatment as a proxy for persistence, the post-treatment basal 
area increment (BAI) was assessed using increment cores of the five predominant reserve 
tree species in AFERP: red maple (Acer rubrum L.), red spruce (Picea rubens), white pine 
(Pinus strobus), white cedar (Thuja occidentalis), and hemlock (Tsuga canadensis). In the 
absence of a metric fit to evenly assess and compare growth responses across a range of 
size-classes, three different response variables were tested. BAI was assessed using: 
proportional increase, annual post-treatment BAI, and absolute increase. Treatment-effects 
were quantified across species and spatial, temporal, and tree-demogrpahic attributes were 
assessed within species. Treatment and spatial effects were minimal, while species varied 
in their responses over time. Variables associated with vigor - crown ratio and pre-
treatment BAI - were the variables most strongly associated with increased post-treatment 
BAI. In general, growth responses diminished with increasing tree size, age, shade-
intolerance and pre-treatment canopy class relative to their prior growth rates but in 
absolute terms, large trees responded more than small trees. While all species demonstrated 
positive growth responses relative to their pre-treatment BAI and to paired analogues 
selected from an untreated control, hemlock was consistently the most positively 
responsive species to treatment across all response variables.  
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Benefits and trade-offs of the different response variables exist, with the proportional 
increase demonstrating bias toward small and slow-growing trees and a higher sensitivity 
to spatial variables and the annual post-treatment BAI and absolute increase demonstrating 
bias toward large and fast-growing trees, namely white pine, and a decreased sensitivity to 
spatial variables. It is recommended that these response variables be used in stratified 
samples or when assessing the response of stands of similar size and age, like a plantation.  
The growth responses quantified in this study can be used to inform growth projection 
models of uneven-aged treatments and stand dynamics of ecological forestry silvicultural 
prescriptions.   
2.2. Introduction 
Timber management based on the agricultural model leads to the homogenization and 
reduced age of forested landscapes which, in turn, supports drastically less plant and animal 
diversity than old-growth or unmanaged forests (Smith et al. 1997; Bauhus et al., 2009; 
Puettman et al., 2009; Fedrowitz et al., 2014). The principles guiding timber management 
are rapidly changing to ensure a viable balance of wood fiber extraction and biodiversity 
in future harvests (Seymour and Hunter, 1992; Frelich and Puettmann, 1999; Lindenmayer 
and Franklin, 2002; Lohmus et al., 2005; Gustafsson et al., 2012). Novel silivicultural 
systems were designed in response to the demand for increased stand heterogeneity and 
ecological considerations in harvesting strategies, which necessitates critical evaluations 
of new, experimental systems for future application throughout the world (Seymour et al., 
2005; 2006; Gustafsson et al., 2012)..   
The Acadian Forest Ecosystem Research Project (AFERP) located in the Penobscot 
Experimental Forest (PEF) in Maine was established in 1994 to test ecological forestry 
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concepts using three replications of two expanding-gap regeneration systems with reserve 
trees (Seymour et al., 2005, 2006). Informed by the natural gap-dynamics disturbance 
regime typical of the region (Fraver et al., 2009), it was postulated that such systems could 
sustain productivity for commodity harvests, restore structural complexity diminished by 
even-aged harvesting practices, and promote biodiversity (Holling, 1973; Seymour and 
Hunter, 1992; North and Keeton, 2008). These silvicultural systems target the retention of 
old-growth features – e.g. large, old trees -  to maintain biodiversity and economically 
viable wood production (Bauhus et al., 2009; Lindenmayer et al., 2012b; Fedrowitz et al., 
2014). These keystone, old-growth features are disproportionately important providers of 
resources crucial for other species (Manning et al., 2006). Maintaining these features on 
managed landscapes serves as a “coarse-filter” approach to sustaining viable habitat for 
threatened species, supplying ecosystem services, and maintaining structural diversity and 
overstory connectivity (Hunter, 1990; Swanson and Franklin, 1992; Franklin et al., 1997; 
Lindenmayer and Franklin, 2002; Blomquist and Hunter, 2010; Lindenmayer et al., 
2012b).  
There is a paucity in the literature of assessments on the growth dynamics of reserve trees 
in expanding-gap or “Femelschlag” systems and the influence release from lateral 
competition has on mature (40-170 years old) trees in these systems (e.g. Puettmann et al., 
2009). As silvicultural systems with increased spatial variability of residual trees, like 
ecological forestry, variable-retention, variable-density, and selection systems, become 
more common, even-aged-stand-based indices will be less suitable for tree-level growth 
and yield projections (Biging and Dobbertin, 1995, Puettmann et al., 2009; O’Hara, 2014). 
In addition to increases in merchantable timber, quantifying growth of mature reserve trees 
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has implications for stand regeneration (Pederson and Howard, 2004), wind firmness, 
persistence of wildlife habitat (Bebber et al., 2004), ecosystem function (Lindenmayer and 
Franklin, 2002), carbon storage and sequestration (Stephenson et al., 2014), restoring large 
size-classes, and, overall, predictability and replicability (O’Hara, 2014). 
2.2.1. Magnitude of Growth Responses 
In studies investigating mature tree growth response to competition reduction, it was found 
that the magnitude of growth responses are often largely a factor of tree diameter, growth 
rate prior to release, species identity, and the interaction of some of these variables (Stan 
and Daniels, 2014). Growth response also tends to be higher in younger and lower strata 
trees and higher density reductions (Wiser et al., 2004; Bevilacqua et al., 2005). Release 
from lateral competition of mature trees also tends to result in height diameter ratios of 
varying degrees depending on pre-treatment crown class (Bevilacqua et al., 2005). Mature 
tree growth response to lateral competition reduction has also been shown to be higher in 
shade-tolerant species compared to mid-tolerant and intolerant species (Jones et al., 2009).   
2.2.2. Spatial Differences in Growth Responses 
Jones and Thomas (2004) found sugar maples on the north side of gaps to have the largest 
observed responses to gap creation, however, spatial location within gaps is not always a 
significant factor (Pederson and Howard, 2004). Wind-caused sway has been documented 
to reduce stem hydraulic conductivity by causing functional damage to sapwood (Liu et 
al., 2003), which can influence growth in trees depending on their exposure to fetch at their 
respective locations within gaps. Increased exposure to fetch tends to result in decreased 
form class through increased taper in response to exposure (Urban et al., 1994).  
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Gap creation can impact adjacent trees in intact forest, as well. Wiser et al. (2005) studied 
the response of mature beech trees to canopy gap creation in New Zealand, however, these 
trees were not within gaps, unlike the reserve trees in this study. Nevertheless, significant 
growth acceleration, interestingly, was found in mature trees adjacent to gaps compared to 
trees in intact forest. Likewise, York et al. (2010) found a positive response to gap creation 
in mature giant sequoia (Sequoiadendron giganteum) and white fir (Abies concolor) trees 
adjacent to gaps. Both studies demonstrate a matrix-effect as a result of gap creation. 
2.2.3. Temporal Differences in Growth Responses 
The duration of accelerated growth rates as a result of harvesting can vary by treatment and 
tree characteristics. Duration, like magnitudes of growth responses, often increases with 
the intensity of the treatment or natural event and decreases with size- and age-class, shade 
intolerance, and pre-treatment crown class.  
The growth response of mature trees may, at times, go undetected because, as several 
studies have shown, a time-lag in response to release exists for many mature tree species, 
ranging from 0 to 25 years, before they reach their peak post-harvest growth response 
(McDowell et al., 2003; Jones and Thomas, 2004; Walter and Maguire, 2004; Bevilacqua 
et al., 2005; Thorpe et al., 2007; Garber et al., 2011). This multi-year time-lag following 
partial harvesting has been shown to vary temporally and in magnitude by species, harvest 
type, and the size and position of the tree within the canopy (Jones et al., 2009). Growth 
response is also highly species specific. While several studies have shown that a litany of 
trees are capable of growth responses to decreased competition at a mature age, much is 
still unknown about the growth responses of mature trees found in the Northern Forest. 
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This growth acceleration has been shown, in some cases, to persist on the scale of decades 
(Latham and Tappeiner, 2002; Bevilacqua et al., 2005).  
Growth responses of mature trees to release from lateral competition have particular 
relevance for land managers implementing silvicultural systems with long regeneration 
periods (i.e. ≥ 25% of the rotation: extended shelterwood, extended rotations) (Puettmann 
et al., 2009) as canopy closure (Klingsporn et al., 2012) and resource utilization (Pederson 
and Howard, 2004) by residual trees will impact regenerating cohorts.  
Currently, the growth response potential of mature white cedar and red spruce at the 
individual tree-level do not exist in the literature. Similarly, no such data exist for the array 
of species sampled in this study white cedar (THOC), red spruce (PIRU), white pine 
(PIST), hemlock (TSCA), yellow birch (Betula alleghaniensis; BEAL), paper birch  
(Betula papyrifera; BEPA), and red maple (ACRU) from studies conducted in the 
northeastern United States.   
In this study, we explore the species, spatial and temporal dynamics of reserve tree growth 
in two experimental expanding-gap silvicultural systems in the PEF in east-central, Maine. 
The objectives for this study were: (i) assess treatment effects on the growth of reserve 
trees; (ii) determine significant tree-demographic predictors of growth; (iii) investigate the 
influence of exposure on the growth of reserve trees (iv) assess growth responses of reserve 
trees over time and (v) compare the influence of alternative indices of growth response of 
findings.   
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2.3. Methods 
2.3.1. Study Site 
The AFERP is located in the PEF, approximately 15 km north of Bangor, Maine near the 
towns of Eddington and Bradley (44_510N, 68_370N). The PEF is 1,618 ha and part of 
the Acadian Forest Region, a transitional ecotone between the northern boreal and southern 
broadleaf forests with a cool, humid climate. The mean annual temperature for nearby 
Bangor is 7.06 C, with 48% of the 106 cm of precipitation falling during the average 
growing season from May through October (156 days; Adams et al., 2004, Aresenault et 
al. 2011). The coldest and warmest months are January and July, with average daily 
temperatures of -7.7 C, and 20.6 C, respectively. The soils are derived from glacial till and 
range from well-drained loams, stony loams and sandy loam ridges, to poorly drained 
loams and silt loam flat areas, with poorly drained silt and silty clay loams along 
watercourses and depressions (Aresenault et al., 2011; Brissette, 1996; Saunders and 
Wagner, 2008). Diverse vegetation types are found in the PEF. Forest canopies are 
dominated by conifers, including red, white (P. glauca) and black spruce (P. mariana), 
balsam fir (Abies balsamea), white pine, white cedar, and hemlock. Deciduous species 
found here include sugar (A. saccharum) and red maple, paper birch, yellow birch and gray 
birch (B. populifolia), and trembling aspen (Populus tremuloides) and big-tooth aspen (P. 
grandidentata) (Saunders and Wagner, 2008). 
2.3.2. Project Background 
In AFERP, two expanding-gap silvilcultural regeneration methods were designed to 
emulate the 1% annual disturbance intensity and disturbance pattern common to the 
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Acadian eco-region (Arsenault et al., 2011). Gaps are created and then systematically 
expanded after the previous gap area has been regenerated. Both systems are applied using 
a 10-year cutting cycle. In the group shelterwood treatment, 20% of the area is harvested 
using 0.2 ha expanding gaps with a 10-year regeneration period between expansions (large-
gap). The large-gap system is designed to encourage natural regeneration of tree species of 
intermediate shade tolerance and to maintain stands of mid-successional status. In the 
group selection treatment, the system is spatially and temporally half of the large-gap 
system. This system harvests 10% of the area using 0.1 ha expanding gaps with a 20-year 
regeneration period between gaps (small-gap). The small-gap system is designed to 
encourage shade-tolerant species and accelerate development of late-successional stands. 
Untreated control blocks provided a growth rate comparison of paired analogues of 
conspecific trees.  
In both treatments, an experimental, permanent retention-level of 16% of the original stand 
basal area (BA) is retained as permanent structural retention, i.e. reserve trees, dispersed 
throughout the entire stand. The current criteria for the selection of reserve trees is (1) 
current or potential wildlife value, (2) rare species, (3) large size, and (4) the potential for 
high timber value under a long rotation.  
Overwood trees (i.e. temporary overstory trees >25 cm in diameter at breast height (DBH; 
1.3 m; cm)) were retained (3% of initial stand BA) as growing stock and in areas of low 
regeneration stocking to promote the establishment of desired species and mitigate the 
growth of unwanted intolerants. The overwood trees were inventoried (species 
identification, DBH, spatial data) and, in gaps containing only overwood, cored and 
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included as a spatial variable in model construction to detect any influence over the growth 
of reserve trees by increasing retention density within gaps. 
Tree demographic variables consisted of species, crown ratio, slenderness, volume, age, 
and pre-treatment BAI. Crown ratio was calculated per tree by subtracting LLC from HT 
and dividing the total by HT. Slenderness was calculated by dividing HT by DBH. Volume 
was computed using Honer’s equations for tree species in the Northeast (Honer, 1967; 
Honer et al., 1983).  
2.3.3. Spatial Data 
Spatial data were collected using a Trimble GeoXH. The spatial data were analyzed using 
the geospatial analytical software program, ArcGIS 10.2. Using this software, initial and 
expanded gap area and area increase (expanded gap area minus initial gap area) were 
calculated as were metrics related to exposure. Exposure of individual trees to wind and 
the gap edge was described using three variables: (1) nearest distance to original gap edge 
(reserve trees in unexpanded gaps (small-gap system only) and gaps prior to expansion 
(large-gap system only)), (2) nearest distance to expanded gap edge (for reserve trees in 
expanded gaps (large-gap system only)), and (3) nearest distance to original gap edge from 
expansion (large-gap system only). This third metric was designed to measure the degree 
of partial exposure experienced by reserve trees prior to gap expansions. These 
measurements were used as exposure metrics for each respective reserve tree depending 
on its exposure history through the duration of the project. 
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2.3.4 Growth Analysis 
Increment cores were extracted from all red maple, yellow birch, paper birch, red spruce, 
white pine, northern white cedar, and hemlock reserve trees (N=556). Cores were also 
extracted from paired analogues of each species across all three control blocks for this 
study (N=239). Paired analogues were selected by stratifying previous permanent plot 
inventory data from the control in the AFERP database by species and size-class. 
Analogues were then randomly selected from the stratified data. 
The cores were mounted to grooved pieces of lath and sanded with a random orbital sander 
with progressively fine-grained sandpaper. The cores were measured using a table mounted 
micrometer slide-stage interfaced with the MeasureJ2X software program. Growth-ring 
series were checked for marker years manually and then used to assist in cross-dated using 
the COFECHA program (Holmes, 1983). 
Ring-width series from increment cores converted to basal area increment (BAI) in R 
(Biondi 1999; Biondi and Qaedan, 2008). BAI was assessed on a per-tree basis to 
determine if reserve trees experienced a growth response in the treatments. Growth-
response metrics used in previous studies generally fall into three categories:  
(1) Proportional increase (adapted from the methods of Henry and Swan (1974): 
log(
∑ 𝐵𝐴𝐼𝑝𝑜𝑠𝑡−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠 𝑝𝑜𝑠𝑡−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
/
∑ 𝐵𝐴𝐼10 𝑦𝑒𝑎𝑟𝑠 𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
10
) 
(2) Annual post-treatment BAI: 
∑ 𝐵𝐴𝐼𝑝𝑜𝑠𝑡 − 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠 𝑝𝑜𝑠𝑡 − 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
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(3) Absolute increase (adapted from the methods of Fraver and White (2005)): 
(∑
𝐵𝐴𝐼 𝑝𝑜𝑠𝑡−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠 𝑠𝑖𝑛𝑐𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
) − (∑
𝐵𝐴𝐼 10 𝑦𝑒𝑎𝑟𝑠 𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
10
) 
The proportional increase was log-transformed to meet assumptions of normality and 
heteroscedasticity. Annual post-treatment BAI and absolute increase did no necessitate 
transformation. To account for the nested nature and staggered implementation of the 
experiment and test for the effect of treatment and species, mixed-effects models were 
constructed for each species, respectively, with each of the three respective response 
variables. Gap nested within research area and entry year were assigned as random effects. 
Due to the relatively small sample sizes used in this study, model fit was assessed using 
the Akaike information criterion with a small-sample bias adjustment (AICc) using the 
AICc function in the ‘AICcmodavg’ package in R (Burnham and Anderson, 2002; 
Mazerolle, 2015). Marginal and conditional R2 values were calculated using the 
r.squaredGLMM function in R (Barton, 2015). Marginal R2 values represent the variance 
explained by fixed factors and conditional R2 values represent the variance explained by 
fixed and random factors. Each response variable was tested for all species, red maple, red 
spruce, white pine, white cedar and hemlock, respectively. Non-significant variables 
(p>0.05) were not incorporated into the final models.   
To quantify compositional differences between the small-gap treatment, the large-gap 
treatment and the control, the relative densities of the species of interest, average age, and 
average DBH of the trees sampled were analyzed in a multivariate analysis using a 
hierarchical clustering analysis. The dissimilarity matrix was computed using the distance 
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function from the ‘vegan’ package in R. The hierarchy was built using a conventional 
agglomerative hierarchical cluster using the hclust function. 
2.3.5. Temporal Analysis 
The growth rates of the trees were evaluated over time by quantifying the duration of 
elevated growth. Elevated growth was considered all growth that exceeded twice the 10-
year annual pre-treatment growth rate. Duration was expressed as a proportion due to 
common fluctuations above and below this threshold post-treatment.  
In model construction, the duration was converted to a binary response: all reserve trees 
that exhibited a duration of accelerated growth twice the 10-year annual pre-treatment for 
50% or more of their respective post-treatment periods were given a value of 1. Reserve 
trees that did not reach this threshold were given a value of 0. This conversion was done to 
minimize over-dispersion of the residual deviance in model construction.  
A generalized linear mixed-effects model with a binomial error distribution and logit link 
was used to construct a model assessing the variables associated with durations equal to or 
exceeding the 50% threshold to account for the nested nature of the project. Over-
dispersion was assessed using the overdisp.glmer() function in the ‘RVAideMemoire’ 
package (Hervé, 2015).  Model fit was assessed using AICc to account for the relatively 
small sample sizes in the data using the ‘AICcmodavg’ package in R (Mazerolle, 2015). . 
Model performances were assessed using the “area under the curve” (AUC) output from 
the pROC function in the ‘pROC’ library in R (Robin et al., 2011). 
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Time-lags in the growth response were also assessed. Time-lags in the growth response 
were measured by the time, in years, before the tree reached its maximum growth rate post-
treatment.  
2.4. Results 
2.4.1. Treatment-Level Growth Responses 
The treatments varied slightly in their compositional attributes, as retained trees tended to 
be larger in the large-gap treatment (Table 2.1). Notably, all three response variables –– 
varied greatly between the two treatments and the control. 
Variable Small-Gap Treatment Large-Gap 
Treatment 
Control 
Number of Trees N=208 N=348 N=239 
DBH (cm) 31.76(0.85) 38.13 (0.93) 28.78(0.91) 
HT (m) 18.86(0.37) 20.24(0.33) N/A 
Crown Ratio 0.52(0.01) 0.55(0.008) N/A 
Age (yrs) 91.34(2.21) 89.38(1.87) 101.1(2.43) 
BAI Pre (cm2 yr-1) (10-yr Avg) 8.28(0.66) 13.86(0.75) 8.76(0.74) 
Proportional Increase (log(cm2 yr-1)) 0.36(0.019) 0.278(0.014) -0.02(0.02) 
BAI Post (cm2 yr -1) 16.25(0.86) 23.72(1.07) 7.94(0.62) 
Absolute Increase (cm2 yr-1) 7.97(0.51) 9.85(0.66) -0.82(0.30) 
Table 2.1. Compositional attributes of each treatment with mean and ±SE in parentheses. 
In an ANOVA, the treatment effects were shown to be significantly different across all 
response variables (Table 2.2). The proportional increase in the large-gap treatment was 
significantly greater than the control (p<0.001), while the small-gap treatment had a 
significantly greater proportional increase than the control and large-gap treatment 
(p<0.001) (Figure 2.2). The annual post-treatment BAI was significantly higher in both the 
small-gap and large-gap treatments than the control (p<0.001), while the annual post-
treatment BAI was significantly higher in the large-gap treatment than the small-gap 
treatment (p<0.001) (Figure 2.3). The small-gap and large-gap treatments had higher 
absolute increases than the control (p<0.001), while the absolute increase in the large-gap 
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treatment was marginally higher than the small-gap treatment (p=0.057) (Figure 2.4). It 
should be noted that there was a disagreement in the response variables as to which 
treatment yielded the greater growth response. The proportional increase was significantly 
higher in the small-gap treatment than the large-gap treatment, while both the annual post-
treatment BAI and absolute increase were higher in the large-gap treatment than the small-
gap treatment.   
 Proportional 
Increase 
Post-Treatment BAI Absolute Increase 
Variable F-ratio p-value F-ratio p-value F-ratio p-value 
Treatment 
(Small-Gap, Large-Gap, Control) 
136.0 0.00 57.58 0.00 81.82 0.00 
Table 2.2 ANOVA output summary table of treatment across all three response variables 
BAI was higher prior to treatment in the large-gap treatment compared to the small-gap 
treatment and control (Figure 2.1.; Table 2.1). The small-gap treatment and control BAI 
prior to treatment were comparable (8.28 cm2 yr-1 and 8.76 cm2 yr-1, respectively; Table 
2.1.) (Figure 2.1). A stark visual departure from the BAI of the small-gap and large-gap 
treatment relative to their respective pre-treatment BAIs can be seen in Figure 2.1. 
 
42 
 
 
Figure 2.1. Time-series of BAI by treatment. The vertical bar represents the first growing 
season post-treatment. 
The differences in response variables in Figures 2.2, 2.3, and 2.4 across treatments illustrate 
the disagreement mentioned in the pairwise comparisons. The proportional increase was 
higher in small-gap treatment than the large-gap treatment (Figure 2.2). The annual post-
treatment BAI and absolute increase was higher in the large-gap treatment (Figures 2.3 and 
2.4, respectively). All three response variables were higher in the treatments than the 
control.   
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Figure 2.2. Comparisons of proportional increases among treatments. *For all boxplots: 
The bold line in the center of the box represents the median, while the upper and lower 
boundaries of the boxes represent the upper and lower quartiles, respectively. The 
horizontal lines represent the maximum and minimum values, excluding the outliers, 
respectively. The dots represent outliers. Letters represent significant differences in 
means. 
 a 
 b 
 c 
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Figure 2.3. Comparisons of annual post-treatment BAI among treatments 
 
Figure 2.4. Comparisons of absolute increases among treatment 
  a 
 b 
  c 
 a 
   a 
  b 
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2.4.2. Tree-Demographic Variables 
All tree-demographic variables were analyzed in an ANOVA by each respective response 
variable (Table 2.3). Pre-treatment BAI, because of its inclusion in computing the 
proportional increase and absolute increase, was not analyzed in these respective response 
variables. The significance levels resulting from these analyses guided the model 
construction in the following analyses of each response variable.  
  Proportional 
Increase 
Annual 
Post-Treatment 
BAI 
Absolute 
Increase 
Variable Mean SE p-value p-value p-value 
Treatment   0.45 0.84 0.94 
Species   0.00 0.00 0.00 
Pre-Treatment BAI (cm2 yr-1) 11.8 0.54 N/A 0.003 N/A 
Age (yrs) 90.1 1.4 0.13 0.001 0.007 
Crown Ratio 0.54 0.006 0.07 0.02 0.02 
Volume (m3) 1.23 0.07 0.001 0.5 0.002 
Slenderness 0.59 0.006 0.74 0 0 
Retention Density (m2 ha-1) 9.6 0.19 0.93 0.3 0.69 
Gap Area (ha) 0.44 0.02 0.61 0.55 0.22 
Distance to First Entry Gap Edge 
(m) 
3.91 0.2 0.04 0.26 0.03 
Distance to Expanded Gap Edge 
(m) 
10.15 0.33 0.96 0.12 0.12 
Distance to First Entry Gap Edge 
from Expansion (m) 
3.69 0.3 0.55 0.62 0.23 
Table 2.3. ANOVA output summary table of tree-demographic variables across all three 
response variables 
2.4.2.1. Proportional Increase 
The differences in the proportional increase between the treatments, species, and species 
within treatment were analyzed in an ANOVA (Table 2.4). Treatment and species main 
effects were significant, while their interaction was not significant (Table 2.4). Due to their 
low abundance, yellow and paper birch reserve trees were removed from analysis., 
hemlock had a significantly higher proportional increase (p<0.05) than all other species. 
Red maple and white cedar had significantly higher proportional increases than white pine 
(p<0.05) (Figure 2.5).   
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Variable F-ratio p-value 
Treatment (small-gap, large-gap) 8.35 0.00 
Species 14.5 0.00 
Treatment*Species 1.52 0.21 
Table 2.4. ANOVA output summary table of treatment and species in proportional increase 
Red maple in the small-gap treatment had a significantly (p=0.00) higher proportional 
increase than red maple, white pine, and red spruce in the large-gap treatment. Hemlock in 
the small-gap treatment had a significantly higher proportional increase than red maple, 
red spruce, and white pine in the large-gap treatment. Hemlock in the large-gap treatment 
had a significantly (p=0.002) higher proportional increase than white pine in the small-gap 
treatment.  
 
Figure 2.5. Comparisons of proportional increases among species comparisons across both 
treatments 
All tree demographic variables were analyzed in an ANOVA by each species for the 
proportional increase (Table 2.5). The significance values of tree demographic variables 
varied across species (Table 2.5). The significance levels resulting from these analyses 
guided the model construction in the following analyses of the proportional increase. 
a 
b 
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Table 2.5. ANOVA output summary table of independent variables in predicting the proportional increase. Pre-treatment 
BAI was not included in the proportional increase due to its inclusion in calculating the proportional increase response.  
 Red Maple Red Spruce White Pine White Cedar Hemlock 
Variable µ (SE) p µ (SE) p µ (SE) p µ (SE) p µ (SE) p 
Treatment  0.008  0.15  0.29  0.09  0.04 
Pre-Treatment 
BAI  
(cm2 yr-1) 
7.4(0.56) N/A 6.9(0.43) N/A 32.8(1.6) N/A 5.9(0.3) N/A 8.3(0.5) N/A 
Age (yrs) 92(3.6) 0.80 76.6(1.9) 0.12 99.1(3.3) 0.01 106.7(4.7) 0.31 89.5(2.9) 0.11 
Crown Ratio 0.5(0.01) 0.84 0.49(0.01) 0.003 0.51(0.01) 0.38 0.62(0.02) 0.59 0.6(0.01) 0.82 
Volume (m3) 0.6(0.05) 0.88 0.62(0.05) 0.00 3.8(0.2) 0.03 0.46(0.03) 0.69 0.85(0.08) 0.3 
Slenderness 0.7(0.15) 0.34 0.64(0.12) 0.54 0.49(0.01) 0.25 0.5(0.02) 0.32 0.56(0.01) 0.68 
Retention 
Density  
(m2 ha-1) 
7.3(0.26) 0.79 9.7(0.4) 0.13 8.9(0.5) 0.95 9.8(0.6) 0.26 11.9(0.3) 0.14 
Gap Area (ha) 0.5(0.04) 0.19 0.47(0.03) 0.22 0.54(0.04) 0.45 0.4(0.05) 0.34 0.35(0.03) 0.07 
Distance to 
First Entry Gap 
Edge (m) 
6.5(0.6) 0.82 3.4(0.4) 0.03 3.2(0.5) 0.002 2.6(0.4) 0.1 3.7(0.4) 0.03 
Distance to 
Expanded Gap 
Edge (m) 
12.7(0.9) 0.95 9.7(0.65) 0.66 11.7(0.9) 0.344 9(0.8) 0.34 7.7(0.4) 0.29 
Distance to 
First Entry Gap 
Edge from 
Expansion (m) 
1.7(0.6) 0.08 
 
4.4(0.7) 0.84 4.1(0.7) 0.18 5(1.1) 0.91 3.6(0.5) 0.86 
  
 
2.4.2.2.Annual Post-Treatment BAI 
The differences in the annual post-treatment BAI between the treatments, species, and 
species within treatment were significant (Table 2.6). Species within treatment interaction 
was marginally significant. Due to their low abundance, yellow and paper birch reserve 
trees were removed from analysis. White pine had a significantly (p<0.001) higher annual 
post-treatment BAI than all other species while hemlock had a significantly (p<0.001) 
greater annual post-treatment BAI than all other species in this study, except white pine 
(Figure 2.6).  
Variable F-ratio p-value 
Treatment 19.81 0.00 
Species 130.182 0.00 
Treatment*Species 3.23 0.12 
Table 2.6. ANOVA output summary table of treatment and species in annual post-
treatment BAI 
 
Figure 2.6. Comparison of annual post-treatment BAI among species across both 
treatments. Yellow and paper birch reserve trees were removed from statistical analysis  
a 
b 
c 
  c 
c 
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White pine had a significantly (p=0.00) higher annual post-treatment BAI than all other 
species in the same treatment. Hemlock in the large-gap treatment had a significantly 
(p<0.05) higher annual post-treatment BAI than red maple, red spruce, and white cedar in 
the large-gap treatment. 
Between treatments, white pine in the large-gap treatment had a significantly (p<0.001) 
higher annual post-treatment BAI than all species, including white pine, in the small-gap 
treatment. White pine in the small-gap treatment had a higher annual post-treatment BAI 
than red maple, red spruce, white cedar and hemlock in the large-gap treatment. Hemlock 
in the large-gap treatment had a higher annual post-treatment BAI than red maple, red 
spruce, and white cedar in the small-gap treatment.  
All tree demographic variables were analyzed in an ANOVA by each species for the annual 
post-treatment BAI (Table 2.7). The significance values of tree-demographic variables 
varied across species (Table 2.7). The significance levels resulting from these analyses 
guided the model construction in the following analyses of the annual post-treatment BAI.  
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 Red Maple Red Spruce White Pine White Cedar Hemlock 
Variable µ (SE) p µ (SE) p µ (SE) p µ (SE) p µ (SE) p 
Treatment  0.26  0.71  0.62  0.18  0.07 
Pre-Treatment 
BAI  
(cm2 yr-1) 
7.4(0.56) 0.32 6.9(0.43) 0.00 32.8(1.6) 0.00 5.9(0.3) 0.38 8.3(0.5) 0.001 
Age (yrs) 92(3.6) 0.02 76.6(1.9) 0.96 99.1(3.3) 0.001 106.7(4.7) 0.16 89.5(2.9) 0.04 
Crown Ratio 0.5(0.01) 0.52 0.49(0.01) 0.001 0.51(0.01) 0.65 0.62(0.02) 0.8 0.6(0.01) 0.34 
Volume (m3) 0.6(0.05) 0.001 0.62(0.05) 0.59 3.8(0.2) 0.99 0.46(0.03) 0.17 0.85(0.08) 0.38 
Slenderness 0.7(0.15) 0.59 0.64(0.12) 0.71 0.49(0.01) 0.1 0.5(0.02) 0.78 0.56(0.01) 0.01 
Retention 
Density  
(m2 ha-1) 
7.3(0.26) 0.77 9.7(0.4) 0.84 8.9(0.5) 0.72 9.8(0.6) 0.24 11.9(0.3) 0.08 
Gap Area (ha) 0.5(0.04) 0.71 0.47(0.03) 0.09 0.54(0.04) 0.9 0.4(0.05) 0.35 0.35(0.03) 0.13 
Distance to 
First Entry Gap 
Edge (m) 
6.5(0.6) 0.93 3.4(0.4) 0.64 3.2(0.5) 0.003 2.6(0.4) 0.37 3.7(0.4) 0.89 
Distance to 
Expanded Gap 
Edge (m) 
12.7(0.9) 0.48 9.7(0.65) 0.31 11.7(0.9) 0.11 9(0.8) 0.89 7.7(0.4) 0.32 
Distance to 
First Entry Gap 
Edge from 
Expansion (m) 
1.7(0.6) 0.75 4.4(0.7) 0.63 4.1(0.7) 0.65 5(1.1) 0.99 3.6(0.5) 0.76 
Table 2.7. ANOVA output summary table of tree-demographic variables in predicting the annual post-treatment BAI 
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2.4.2.3. Absolute Increase 
In terms of absolute increase, treatment was marginally significant as a main effect, 
species was a significant main effect, and the interaction of species within treatment 
was significant (Table 2.8). Due to their low abundance, yellow and paper birch 
reserve trees were removed from analysis., white pine experienced a significantly 
greater absolute increase (p<0.05) than all other species in this study. Hemlock 
experienced a significantly greater absolute increase (p<0.05) than all other species, 
except white pine (Figure 2.7). 
Variable F-ratio p-value 
Treatment 2.43 0.12 
Species 17.34 0.00 
Treatment*Species 2.67 0.03 
Table 2.8. ANOVA output summary table of treatment and species in absolute 
increase 
 
Figure 2.7. Comparisons of absolute increases among species across both 
treatments. Yellow and paper birch reserve trees were removed from statistical 
analysis. 
a 
b 
c  c 
c 
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White pine in the large-gap treatment had a significantly (p<0.001) higher absolute 
increase than all species, except white pine, in the small-gap treatment. White pine 
in the small-gap treatment had a higher absolute increase than red maple, red 
spruce, white cedar and hemlock in the large-gap treatment. Hemlock in the large-
gap treatment had a higher absolute increase than red maple, red spruce, and white 
cedar in the small-gap treatment.  
All tree demographic variables were analyzed in an ANOVA by each species for 
the absolute increase (Table 2.9). The significance values of tree-demographic 
variables varied across species (Table 2.9). The significance levels resulting from 
these analyses guided the model construction in the following analyses of the 
absolute increase. 
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Table 2.9. ANOVA output summary table of tree-demographic variables in predicting the absolute increase. Pre- 
treatment BAI was not included in the proportional increase due to its inclusion in calculating the absolute  
increase response.  
 Red Maple Red Spruce White Pine White Cedar Hemlock 
Variable µ (SE) p µ (SE) p µ (SE) p µ (SE) p µ (SE) p 
Treatment  0.02  0.42  0.54  0.14  0.07 
Pre-Treatment BAI  
(cm2 yr-1) 
7.4(0.56) N/A 6.9(0.43) N/A 32.8(1.6) N/A 5.9(0.3) N/A 8.3(0.5) N/A 
Age (yrs) 92(3.6) 0.19 76.6(1.9) 0.66 99.1(3.3) 0.002 106.7(4.7) 0.15 89.5(2.9) 0.05 
Crown Ratio 0.5(0.01) 0.44 0.49(0.01) 0.00 0.51(0.01) 0.55 0.62(0.02) 0.76 0.6(0.01) 0.44 
Volume (m3) 0.6(0.05) 0.01 0.62(0.05) 0.09 3.8(0.2) 0.46 0.46(0.03) 0.15 0.85(0.08) 0.84 
Slenderness 0.7(0.15) 0.81 0.64(0.12) 0.71 0.49(0.01) 0.1 0.5(0.02) 0.9 0.56(0.01) 0.01 
Retention Density  
(m2 ha-1) 
7.3(0.26) 0.6 9.7(0.4) 0.65 8.9(0.5) 0.74 9.8(0.6) 0.22 11.9(0.3) 0.1 
Gap Area (ha) 0.5(0.04) 0.19 0.47(0.03) 0.35 0.54(0.04) 0.86 0.4(0.05) 0.31 0.35(0.03) 0.12 
Distance to First 
Entry Gap Edge (m) 
6.5(0.6) 0.9 3.4(0.4) 0.07 3.2(0.5) 0.001 2.6(0.4) 0.29 3.7(0.4) 0.65 
Distance to 
Expanded Gap Edge 
(m) 
12.7(0.9) 0.89 9.7(0.65) 0.36 11.7(0.9) 0.08 9(0.8) 0.8 7.7(0.4) 0.36 
Distance to First 
Entry Gap Edge 
from Expansion (m) 
1.7(0.6) 0.35 4.4(0.7) 0.38 4.1(0.7) 0.89 5(1.1) 0.99 3.6(0.5) 0.83 
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2.4.3. Summary of Growth Responses Results 
Table 2.10 summarizes model construction and assessment of the tree-demographic 
variables across all response variables. Complete model assessment tables can be 
found in the Appendix. 
In the model construction for the proportional increase, the models performed the 
poorest in terms of relative marginal and conditional R2 values compared to the 
other response variables. With the proportional increase as the response, variables 
associated with larger trees - i.e. volume and age - had negative correlations with 
the proportional increase. Spatial variables were also more commonly significant 
in model construction using proportional increase than they were in the models 
predicting annual post-treatment BAI and the absolute increase. 
In the model construction for the annual post-treatment BAI, the models performed 
the best in terms of relative marginal and conditional R2 values compared to other 
response variables. With the annual post-treatment BAI as the response, variables 
associated with vigor - i.e. pre-treatment BAI, crown ratio, youth - and large size - 
i.e. volume and slenderness - had positive correlations –negative in the case of 
slenderness- with annual post-treatment BAI. Spatial variables were not commonly 
significant in model construction using the annual post-treatment BAI.  
In the model construction for the absolute increase, the models performed 
moderately well in terms of relative marginal and conditional R2 values compared 
to other response variables. With the absolute increase and the response, similar to 
annual post-treatment BAI, variables associated with vigor - i.e. crown ratio and 
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youth - and size - i.e. volume and slenderness - had positive correlations –negative 
in the case of slenderness- with absolute increase. Spatial variables, similar to 
annual post-treatment BAI, were not commonly significant using the absolute 
increase.  
The significance and inclusion of spatial variables varied among all three response 
variables and species. White pine had a negative correlation with distance to the 
first entry edge, while, other species, for which it was a significant variable, 
maintained a positive correlation with distance to first entry gap edge. White cedar 
and white pine maintained positive correlations with distance to expanded gap edge 
in the proportional increase and absolute increase, respectively.   
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 Table 2.10. Summary table of the highest supported models of the three tested response variables. Model assessments 
 can be found in the appendix. 
 
 
 
 
 
 
Response Species Model (+/- represent direction of relationship) Marginal R2 Conditional R2 
 
 
Proportional 
Increase 
All Species - Volume + Distance to First Entry Edge 0.18 0.26 
Red Maple Treatment 0.11 0.24 
Red Spruce + Crown Ratio – Volume + Distance to First Entry Edge 0.20 0.20 
White Pine -Volume - Age - Distance to First Entry Edge 0.46 0.52 
White Cedar + Distance to Expanded Gap Edge 0.07 0.19 
Hemlock + Distance to First Entry Edge 0.14 0.5 
 
 
Annual Post-
Treatment 
BAI 
All Species + Pre-Treatment BAI - Age - Slenderness + Crown Ratio 0.76 0.79 
Red Maple + Volume - Age 0.61 0.66 
Red Spruce + Pre-Treatment BAI + Crown Ratio 0.47 0.47 
White Pine + Pre-Treatment BAI - Age - Distance to First Entry Edge 0.5 0.59 
White Cedar + Volume 0.06 0.1 
Hemlock + Pre-Treatment BAI - Age + Crown Ratio - Slenderness 0.59 0.65 
 
 
Absolute 
Increase 
All Species - Volume - Age + Crown Ratio - Slenderness 0.37 0.46 
Red Maple + Volume - Age 0.26 0.47 
Red Spruce + Crown Ratio - Volume 0.12 0.12 
White Pine + Distance to Expanded Gap Edge - Age - Distance to First Entry Edge 0.32 0.48 
White Cedar + Volume – Age + Distance to First Entry Edge 0.24 0.65 
Hemlock - Slenderness - Age 0.13 0.13 
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2.4.4. Duration of Growth Response 
Treatment was not significant as a main effect, species was a significant main 
effect, and the interaction of species within treatment was marginally significant 
(Table 2.11), therefore only species was assessed in a pairwise comparison. In 
pairwise comparisons of species, hemlock had significantly higher incidence of 
sustained accelerated growth than white pine (p=0.00) and red spruce (p=0.02). Red 
maple and white cedar had a marginally higher incidence of sustained accelerated 
growth than white pine (p=0.06 and p=0.07, respectively) (Figures 2.8 – 2.12). 
Variable F-Ratio p-value 
Treatment 1.46 0.23 
Species 5.42 0.00 
Treatment*Species 1.93 0.08 
Table 2.11. ANOVA output summary table of treatment and species in temporal 
analysis 
 
Figure 2.8.  Magnitude of growth response over time in red maple 
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Figure 2.9. Magnitude of growth response over time in red spruce 
 
 
Figure 2.10. Magnitude of growth response over time in white pine 
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Figure 2.11. Magnitude of growth response over time in white cedar 
 
Figure 2.12. Magnitude of growth response over time in hemlock 
The significance levels resulting from these analyses guided the model 
construction in the following analysis of duration. Species, pre-treatment BAI, 
age, crown ratio, and slenderness were significant (Table 2.12). 
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Table 2.12. ANOVA output summary table of tree-demographic variables in 
temporal analysis 
 
With a 10-year cutting cycle, the temporal responses are staggered by entry (Figure 
2.8). The duration of sustained accelerated growth has been maintained by the 
retained trees in the first entry up to the year the retained trees were sampled. Both 
entries show a marked increase relative to their paired analogues in the matrix. 
 
Figure 2.13. Magnitude of growth response over time by harvest entry 
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Temporal Growth Response Magnitude 
1st Entry
2nd Entry
Control
Variable p-value 
Treatment 0.291 
Species 0.007 
Pre-treatment BAI 0.00 
Age 0.02 
Crown Ratio 0.023 
Volume 0.17 
Slenderness 0.03 
Retention Density 0.85 
Gap Area 0.88 
Distance to First Entry Gap Edge 0.86 
Distance to Expanded Gap Edge 0.47 
Distance to First Entry Edge from Expansion 0.12 
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As shown in Table 2.13, pre-treatment BAI, slenderness, and age were significantly 
(p=0.00, 0.001, 0.002, respectively) negatively correlated with duration. Crown 
ratio and volume were significantly (p=0.03, 0.01, respectively) positively 
correlated with duration.  Residual deviance was 316.35 on 334 degrees of freedom. 
Overdispersion was, therefore, not present.  
Table 2.13. Model assessment of tree-demographic variables predicting duration 
 
2.5. Discussion 
 
Twelve comparable studies have considered how mature (age 50 – 650 years) trees 
respond in terms of growth to release from lateral competition (Table 2.14). In 
general, growth responses in the literature vary in magnitude with the intensity of 
the treatment or natural event and diminish with increasing tree size, age, shade-
intolerance and pre-disturbance canopy class (Table 2.14). 
 
 
 
 
 
Rank Model AIC ∆AIC AUC 
1 Species - Pre-Treatment BAI -Slenderness + Crown Ratio +  
Volume - Age 
357.1  0.86 
2 Species - Pre-Treatment BAI - Slenderness + Crown Ratio +  
Volume + Age - Distance to First Entry Gap Edge from Expansion 
359.5 2.37 0.86 
3 Species - Pre-Treatment BAI - Slenderness + Crown Ratio - Age 360.9 3.77 0.83 
4 Species - Pre-Treatment BAI - Slenderness + Crown Ratio 566.3 209.2 0.84 
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Table 2.14. Literature review summary table of mature tree growth response to 
treatment 
 
Author 
 
Species/Average Age 
(yrs)/Location 
 
Treatment 
Average Response/ 
Duration (yrs) 
 
Time-Lag 
(yrs) 
Williamson 
(1982) 
Douglas-fir/110/Washington 
Thinning: 25%-50% 
BA Removal 
8%-30% 19 
Youngblood 
(1991) 
White spruce/174/Alaska 
Shelterwood seed 
cut 
164%/14 2 
Urban et al. 
(1994) 
White spruce/120/Alberta 
Adjacent to new 
road 
31%/16+ 3-15 
McDowell 
et al. (2003) 
Ponderosa pine/250/Oregon 
Thinning 61%, 
74%, 82% BA 
removed 
124%, 303%, 109%/12+ 4 
 
Latham and 
Tappeiner 
(2002) 
Douglas-fir/158-650/Oregon 
Light and moderate 
thinning 
10%-68%/20 5-25 
Ponderosa pine/158-
650/Oregon 
Sugar pine/158-650/Oregon 
Walter and 
Maguire 
(2004) 
Douglas-fir/80-125/Oregon 
Group selection: 
0.2-0.8 ha patch 
cuts 
8%/10 
10+ 
Shelterwood: 75% 
m^3 removed, 20-
30 residual trees/ha 
14%/10 
Clearcut: 1.2 
trees/ha 
31%/10 
Jones and 
Thomas 
(2004) 
Sugar maple/varied (stems 
with DBH 10cm and 
above)/Ontario 
Single-tree 
selection: Gaps 
created averaged 1.8 
overstory trees 
removed 
25% in small (<25cm)  
and medium (25-35cm) 
trees; 0% in large trees 
(>35cm)/Unknown 
3-5 
Mӓkinen 
and 
Isomӓki, 
(2004) 
Scots pine/40-124/Finland 
Thinning: ranged 
from 0% to 42% 
Stand-level analysis 
Volume increment 
decreased 
N/A 
Bevilacqua 
et al. (2005) 
White pine/68.5/Ontario 
Thinning: 46% BA 
removal (compared 
to control) 
Intermediate crown class: 
231%; Emergent: 63%; 
Dominant: 62% 
(compared to control/23 
3 
Thorpe et 
al. (2007) 
Black spruce/25-175/Ontario Partial harvesting 100%/8-9 2 
Jones et al. 
(2009) 
Black cherry/~20-50/Ontario 
Selection: 40% BA 
removed 
-7%/4-15 (intolerant) 
2-15 
White spruce /~20-50/ 
Ontario 
13.5%/4-15 (intolerant) 
Red maple/~20-50/Ontario 5.3%/4-15 (mid-tolerant) 
Yellow birch/~20-50/Ontario 
24.6%/ 4-15 (mid-
tolerant) 
Sugar maple/~20-50/Ontario 25%/ 4-15 (tolerant) 
Beech/~20-50/Ontario 55.1%/ 4-15 (tolerant) 
Hemlock/~20-50/Ontario 26%/ 4-15 (tolerant) 
 
 
Stan and 
Daniels 
(2014) 
Western red cedar/NA/British 
Columbia 
In or adjacent to 
natural, small gaps 
Canopy: 76%/4-48 
22 
Sub-canopy: 64%/4-48 
Western hemlock/NA/British 
Columbia 
In or adjacent to 
natural, small gaps 
Canopy: 133%/4-48 
32 
Sub-canopy: 187%/4-48 
Pacific silver fir/NA/British 
Columbia 
In or adjacent to 
natural, small gaps 
Canopy: 107%/ 4-48 
26 
Sub-canopy: 172%/ 4-48 
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Studies in the literature differ in methodologies for measuring growth, duration and 
time-lags. Growth responses in the literature were detected using repeated diameter 
measurements, volume measurements, ring-width, and BAI at the stand- and 
individual- tree-level. In the literature, duration was defined as sustained 
accelerated growth but often accelerated growth was defined as an average higher 
than the pre-treatment growth rate, without the use of a threshold. Similarly 
inconsistent, time-lags were defined as time elapsed before a growth response was 
detected and the time elapsed before the tree reached its peak post-treatment growth 
rate. Duration and time-lag calculations should require a threshold in order to 
differentiate a response to treatment and an oscillation about the mean growth rate 
within the natural range of the tree under untreated conditions.  
Despite these differences, in general, our findings coincided with those found in the 
literature (Table 2.15). While treatment intensity, measured by gap area and 
retention density, did not result in significantly different growth rates, magnitudes 
of responses did diminish by tree size (Figure 2.10), age (Figure 2.11), and shade 
intolerance, as hemlock, a highly tolerant species, in general, out-performed all 
other species across all response variables and duration.   
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Species/Average Age/ Location Treatment Average Response / 
Average Duration 
Time-Lag 
(yrs) 
Red Maple/97/Maine Small-Gap 55% / 2-9 7 
Red Spruce/76/Maine Small-Gap 47% / 2-9 6 
White Pine/101/Maine Small-Gap 30% / 2-9 6 
White Cedar/100/Maine Small-Gap 46% / 2-9 9 
Hemlock/90/Maine Small-Gap 55% / 2-9 8 
Red Maple/88/Maine Large-Gap 20% / 2-9 6 
Red Spruce/77/Maine Large-Gap 30% / 2-9 8 
White Pine/96/Maine Large-Gap 27% / 2-9 7 
White Cedar/113/Maine Large-Gap 48% / 2-9 6 
Hemlock/89/Maine Large-Gap 59% / 2-9 8 
Table 2.15. Summary table of mature tree response in this study to compare to 
those found in the literature  
At the treatment-level, the treatments varied compositionally in their retention, 
which makes direct comparisons of growth responses as a result of treatment 
difficult. These comparisons remained in the study, however, as they are 
fundamental to investigating the response of reserve trees as the growing conditions 
differed due to different spatio-temporal histories of the reserve trees between the 
two treatments. These different spatio-temporal treatment histories allowed for 
comparisons of exposure metrics and gap-level main effects.  
A multivariate analysis of relative densities of species, size-classes, and age-classes 
quantified the compositional differences between treatments. The cophenetic 
correlation of these differences was 0.98, indicating a strong representation of the 
distances between the treatments, with the large-gap treatment and the trees 
sampled in the control being compositionally similar and both dissimilar from the 
small-gap treatment. Given these differences, the following treatment effect 
comparisons should be interpreted accordingly. 
The retention densities were not experimentally varied nor selected to be 
compositionally similar. Therefore treatment-level comparisons likely differed, at 
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least in part, due to these compositional dissimilarities and not the treatments. This 
is best exemplified with the small-gap treatment experiencing a higher proportional 
growth rate than the large-gap treatment but lower annual post-treatment BAI and 
absolute increase than the large-gap treatment. This treatment difference reinforces 
the results found in growth responses at the tree-demographic level, as the small-
gap system was composed of, on average, smaller and younger trees than the large-
gap system - which had a higher proportional response - and less large, white pine 
- which had considerably higher values in both the annual post-treatment BAI 
response and the absolute increase response. 
At the tree-demographic level, large and old trees, relative to their pre-treatment 
growth rate, had a lower magnitude and proportional response than small and young 
trees. In absolute terms, large, old trees respond more than small trees, however. 
This contradiction is largely an artifact of the different response variables as BAI 
favors trees in large size-classes. The three response variables agree, however, that 
both large and small reserve trees are responding to the treatments but, highly 
supported models for proportional increase and absolute increase agree, at a 
decreasing rate with size and age. The reserve trees in this study are relatively 
young relative to their life spans. As these trees reach the end of their natural 
lifespans, response capacities will likely diminish (Figure 2.14 and Figure 2.15). 
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Figure 2.14. Magnitude of responses by size-class across treatments 
 
Figure 2.15. Magnitude of responses by age-class across treatments 
As shown in Table 2.16, species varied in their performances depending on the 
response variable being used. Hemlock, however, was consistently a top performer 
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across all three response variables. The high responsiveness of hemlock is likely 
due to its high shade tolerance and its ability to retain foliage under low light 
conditions, which then allow it to respond more dramatically to increased light 
levels post-treatment compared to species of lesser shade tolerances. White pine 
was also a top performer, however the discrepancy in performances between 
relative and absolute metrics of growth response indicate this may be only partly 
due to treatment. Due to the emergent canopy and innately high growth rate of the 
white pine in this study, white pine was growing at an accelerated rate prior to 
treatment compared the other species. This resulted in overall high growth rates 
both pre- and post-treatment, resulting in high annual post-treatment BAIs and 
absolute increases and a low proportional increase. Red maple, red spruce, and 
white cedar did respond positively to treatment, however, their performances were 
lower than hemlock and white pine and comparable across all three response 
variables. 
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Small-Gap Treatment Growth Responses 
 
Species 
 
Rank 
Proportional 
Increase  
log(cm2 yr-1) 
 
Rank 
Post-
Treatment 
BAI  
(cm2 yr-1) 
 
Rank 
Absolute 
Increase 
(cm2 yr-1) 
Red Maple 1 0.45(0.04) 3 12.19(0.93) 3 7.59(0.8) 
Red Spruce 3 0.32(0.04) 4 11.6(1.15) 5 5.38(0.71) 
White Pine 4 0.19(0.04) 1 40.64(2.63) 1 12.02(2.4) 
White 
Cedar 
3 0.32(0.04) 5 10.93(0.8) 4 5.6(0.8) 
Hemlock 2 0.43(0.03) 2 17.2(1.46) 2 10.52(1.07) 
Large-Gap Treatment Growth Responses 
Red Maple 4 0.2(0.04) 3 15.7(1.5) 4 5.2(1.1) 
Red Spruce 3 0.24(0.03) 5 11.7(0.7) 5 4.5(0.6) 
White Pine 4 0.2(0.03) 1 52.5(2.4) 1 18.5(2.3) 
White 
Cedar 
2 0.32(0.03) 4 13.4(0.7) 3 6.9(0.7) 
Hemlock 1 0.45(0.03) 2 23.1(1.14) 2 13.6(0.9) 
Table 2.16. Ranked tested growth responses by treatment and species  
2.5.1. Spatial Differences in Growth Responses 
At the time this study was carried out, the gaps in the small-gap treatments had yet 
to be expanded, while the gaps in the large-gap treatment had undergone a single 
expansion. Comparing the growth rates of retained trees after the first entry to the 
growth rates of the same trees post-expansion did not result in the presence of a 
significant second pulse of accelerated growth. The annual post-treatment BAI and 
absolute increase, however, of a reserve tree further from the edge of the initial gap 
into the unharvested matrix prior to expansion was significantly higher, in general, 
the further that tree was from the gap edge (Appendix I.3; Appendix L.3). This 
indicates that the gap creation is accelerating the growth rates of trees in the 
adjacent matrix decreasingly the further a tree is from the gap edge in the matrix.   
Comparing these two treatments demonstrated that gap size, i.e. treatment intensity, 
had little effect on growth response. With both treatments using a dispersed-
retention strategy, it appears that, regardless of the gap size, competitive 
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neighborhoods are essentially equally reduced, resulting in similar growth 
responses of conspecific trees of similar demographical attributes.  
Exposure did influence growth, however. Most trees for which distance to first 
entry edge was a significant predictor of growth response tended to have a higher 
response the further they were from the gap edge. White pine, however, 
demonstrated the opposite relationship, with a negative correlation with distance to 
first entry edge yet a positive correlation with distance to expanded gap edge in 
both the annual post-treatment BAI and absolute increase. The mechanism leading 
to this relationship is unclear, as the majority of white pine reserve trees were in an 
emergent canopy class at the time of harvest, therefore making increased wind-
stress an unlikely causal agent for this relationship. It is possible, however, that 
white pine is sensitive to the initial shock of gap creation and has recovered by the 
second entry, as large white pines were often selected as the focal point for gap 
creation and, thus, likely to have experienced the most drastic increase of exposure 
compared to other species.   
2.5.2. Temporal Differences in Growth Responses 
The temporal metrics shown in Table 2.17 provide insight into the relative 
responsiveness of species to treatment, as low values in duration, average 
maximum (post-treatment BAI/pre-treatment BAI), and average time-lag indicate 
lower response capacities or, at least, lower response capacities that translate to 
growth at 1.3m on the stem. As was found in the model construction for duration, 
relatively large, young trees and hemlock were associated with greater average 
durations of accelerated growth than small, old trees, as volume was a positive 
  
70 
 
significant predictor of increased duration and age was a negative significant 
predictor of increased duration. This is likely driven by the ecologies of trees of 
higher crown classes and hemlock, respectively, and their abilities to respond to 
newly abundant resources post-treatment due to higher crown ratios. Continued 
monitoring of these trees will be necessary to determine the extent of the duration 
for all trees in the treatments as even the reserve trees within the 19-year post-
treatment periods have yet to return to their pre-treatment growth rates.   
Small-Gap Treatment Temporal Analysis 
Species Rank Average 
Duration 
Rank Average 
Maximum 
Rank Average 
Time-Lag 
Red Maple 2 0.54 1 6.7 3 6.6 
Red Spruce 4 0.44 3 4.1 2 6 
White Pine 5 0.25 5 2.7 1 5.6 
White Cedar 3 0.46 4 4.0 5 8.8 
Hemlock 1 0.58 2 5.6 4 7.5 
Large-Gap Treatment Temporal Analysis 
Red Maple 5 0.3 2 3.9 2 6.2 
Red Spruce 3 0.37 4 3.6 5 8.1 
White Pine 4 0.31 5 2.9 3 7.1 
White Cedar 2 0.46 3 3.7 1 6.0 
Hemlock 1 0.6 1 6.7 4 8 
Table 2.17. Ranked temporal responses by treatment and species 
2.5.3. Response Variables 
Methodologies used in this study in growth response detection differed from those 
found in the literature. A proportional or magnitude increase is a standard metric 
for detecting growth responses. Comparing the responses of mature trees to this 
novel silvicultural system required the use of this standard metric. The diversity in 
species, size- and age-classes, however, required the exploration and comparison 
of new response variables. 
One of the shortfalls of a proportional increase in this silviculutral system is its 
oversensitivity to the responses of small and slow growing trees and insensitivity 
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to the responses of large and fast-growing trees (Fraver and White, 2005). To 
overcome this issue, the absolute increase – adapted from Fraver and White (2005) 
– was used. This metric subtracts pre-treatment growth from post-treatment growth 
to calculate a response. This attempts to eliminate the respective favoritism inherent 
in the proportional increase metric that can lead to Type I and Type II errors (Fraver 
and White, 2005). 
Both of these methods have shortcomings, however, in that pre-treatment growth 
can no longer be appropriately used as a predictor without potentially confounding 
the findings by having the pre-treatment growth metric on both sides of the equation 
for the model. This required using post-treatment BAI as the predictor and pre-
treatment growth as the response. Anning et al. (2013) used the same method when 
characterizing the growth of mature trees in experimental blocks treated with 
prescribed fires. Pre-treatment growth is a logical and necessary covariate when 
constructing models of this type as it is often highly influential. The use of only the 
annual post-treatment BAI does not allow for a true metric of magnitude, however, 
which is a convenient and easily interpretable – though occasionally spurious, for 
reasons previously mentioned – metric. Similarly, while the proportional increase 
tends to be oversensitive to the growth response of small trees and insensitive to 
the response of large trees, both the absolute increase and annual post-treatment 
BAI are over-sensitive to the response of large trees and insensitive to the response 
of small trees. This calls for the separation and comparison of trees by species, size-
class, and age-class in order to accurately assess response within these respective 
groups. 
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The relative sensitivities of each response variable to spatial variables may also 
dictate selection of response variables. The proportional increase was more 
sensitive to spatial variables than the annual post-treatment BAI and the absolute 
increase in the model construction, while the absolute increase was moderately 
sensitive to spatial variables.   
Growth responses, in general, may have gone undetected or underestimated as trees 
at different life-stages may allocate newly acquired resources differently. With 
increment cores only assessing growth at 1.3m of the stem, resources allocated to 
upper-stem growth, belowground growth, photosynthetic material, or reproductive 
material cannot be quantified, and is likely to differ by individual. 
2.6. Conclusions 
2.6.1. Management Implications 
If a treatment has equally reduced the competitive neighborhood of retained trees, 
conspecific trees of similar demographics in this region can be expected to respond 
to treatments at mature ages to similar degrees and at a decreasing rate with size, 
age, and shade intolerance. In this study, variables associated with vigor, i.e. pre-
treatment growth rate and crown ratio, were consistently positively correlated 
predictors of increased post-treatment growth rate across species and treatments.  
Hemlock was the most consistently responsive species of those studied to 
treatment, with proportional increases, annual post-treatment BAIs, absolute 
increases, average maximums, and average durations, in general, higher than red 
maple, red spruce, white pine and white cedar.  
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Selecting reserve trees with high values in attributes associated with vigor, i.e. 
crown ratio, pre-treatment growth, of intermediate age-, size-, and crown-class, and 
high shade tolerance will promote strong growth responses of reserve trees. 
Abiding by these guidelines strictly, however, will compromise the objective of 
retaining a diverse cohort of reserve trees of varying age, size, and species. 
Selecting the individual of each species and size-class with the highest value for 
attributes associated with vigor is therefore the best option.  
Persistence, fecundity and increased supportive capacity of biodiversity are metrics 
that may or may not be associated with growth responses to treatment but these 
changes post-treatment are of the highest importance in studying reserve trees in 
these systems. This response is difficult, if not impossible to sample accurately, 
unlike growth, however. Future studies of reserve trees should focus on the link 
between growth and these ecological metrics or the metrics directly. Similarly, 
future studies on the growth of reserve trees in this system should define pre- and 
post-treatment neighborhoods to create competition-dependent growth projections 
suitable for multiaged silvilcultural prescriptions such as those in this study. 
2.6.2. Growth Response Metrics 
Of the three response variables tested, the absolute increase demonstrated the best 
balance of sensitivity to tree size and spatial variables and minimizing the inflated 
correlation of the BAI with large trees, performing moderately well in terms of 
relative marginal and conditional R2 values compared to the proportional increase 
and annual post-treatment BAI. In general, the proportional increase demonstrated 
an oversensitivity toward small and slow-growing trees, the annual post-treatment 
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BAI demonstrated an oversensitivity toward large trees, and the absolute increase, 
while showing less sensitivity than the annual post-treatment BAI, demonstrated a 
slight sensitivity toward large trees. Spatially, the proportional increase 
demonstrated a higher sensitivity to spatial variables, while the absolute increase 
demonstrated moderate sensitivity and the annual post-treatment BAI demonstrated 
the lowest sensitivity. Based on the findings from the use of these three different 
response variables in this study, the metric used when quantifying growth responses 
should be objective-specific and compared to trees of similar size-classes. For 
example, if the recruitment of trees in small size-classes is the primary objective, 
proportional increases should be used given its sensitivity to small and slow 
growing trees. If the sustained or accelerated growth of mature trees or stands of 
similar size-classes is the objective of a treatment, in a plantation, for example, the 
annual post-treatment BAI or absolute increase should be used. Stratification and 
the use of size thresholds were avoided in this study due to the arbitrary nature of 
thresholds and the inability to stratify due to relatively small sample sizes of 
different size-classes within species of the reserve trees. Nevertheless, the results 
from this study indicate that any thresholds used in growth response studies should 
reflect the objectives of the treatment, which, in the case of reserve trees in an 
expanding-gap treatment, differ from those of most treatments. This range of 
suitability further demonstrates the need for uneven-aged-stand-based indices 
capable of quantifying tree-level growth and yield projections (Biging and 
Dobbertin, 1995, Puettmann et al., 2009; O’Hara, 2014) for the range of size-classes 
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present in an irregular shelterwood treatment and other mulitaged silvicultural 
prescriptions.  
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EPILOGUE 
This study succeeded in its intention of providing data on the survival and growth 
dynamics of reserve trees in two expanding-gap silivcultural systems. These data 
can be used to inform the selection of reserve trees as well as the harvest layout that 
will promote longevity and greater growth rates of these features.  
Survival Dynamics of Reserve Trees 
A high (relative to similar treatments implemented throughout the world) overall 
survival rate (91.6 ± 0.02%) across 18 species is attributed to variables associated 
with vigor - post-treatment growth rate and crown ratio. For species with a sample 
size greater than 50, Thuja occidentalis (81.0% survival rate) performed the 
poorest, while Tsuga canadensis (97.9% survival) performed the best of all reserve 
trees with a sample size greater than 50.  
Although rare, mortality and windthrow were correlated with spatial variables. 
Distance to original gap edge was significantly positively associated with mortality 
and not windthrow, while distance to expanded gap edge was significantly 
positively associated with windthrow. These phenomena could be explained by (1) 
trees dying as a result of shock soon after gap creation (i.e. significant positive 
correlation between mortality and distance to original gap edge) and wind stress 
increasing at the micro-site level closer to the center of gaps as the gaps expanded 
(i.e. significant positive correlation between windthrow and distance to expanded 
gap edge).  
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This study suggests that these are viable silvicultural systems, capable of 
conserving and restoring mature trees through retention.   
Growth Dynamics of Reserve Trees 
Post-treatment basal area increment (BAI) was assessed using increment cores 
extracted from the five predominant reserve tree species in AFERP: Acer rubrum 
(n=108), Picea rubens (n=127), Pinus strobus (n=99), Thuja occidentalis (n=65), 
and Tsuga canadensis (n=129). Three different response variables were tested: 
proportional increase, annual post-treatment BAI, and absolute increase. Overall 
treatment effects on BAI were minimal, while species varied in their responses 
based on size, age, shade tolerance and spatial location within gap. In general, 
growth responses diminished with greater tree size, age, and shade-intolerance and 
increased with distance from the nearest gap edge. While all species demonstrated 
positive growth responses relative to their pre-treatment BAI and to paired 
analogues selected from an untreated control, hemlock was consistently the most 
responsive species to treatment.  
The duration of sustained accelerated growth was negatively influenced by pre-
treatment BAI, tree slenderness (height/diameter), and positively influenced by 
crown ratio and volume. In pairwise comparisons of species, hemlock had 
significantly higher incidence of sustained accelerated growth than white pine 
(p=0.00), red spruce (p=0.02), and paper birch (p=0.03). Red maple and white cedar 
had a marginally higher incidence of sustained accelerated growth than white pine 
(p=0.06 and p=0.07, respectively).  
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Benefits and trade-offs of the different response variables exist, with the 
proportional increase demonstrating sensitivity toward small and slow-growing 
trees and the annual post-treatment BAI and absolute increase demonstrating 
sensitivity toward large and fast-growing trees, namely white pine. Of the three 
response variables tested, the absolute increase demonstrated the best balance of 
sensitivity to tree size and spatial variables. The growth responses quantified in this 
study can be used to inform growth projection models of uneven-aged treatments 
and stand dynamics of ecological forestry silvicultural prescriptions and illustrate 
the need for a metric capable of quantifying growth responses of trees across a 
range of size-classes.  
Overall, based on these findings, silvicultural prescriptions should gradually 
increase exposure of retained trees and target the retention of trees with high values 
in variables associated with vigor, in order to improve survival rates of reserve 
trees. With respect to growth responses, selecting reserve trees with high values in 
attributes associated with vigor, i.e. crown ratio, pre-treatment growth, of 
intermediate age-, size-, and crown-class, and high shade tolerance will promote 
strong growth responses of reserve trees. Abiding by these guidelines strictly, 
however, will compromise the objective of retaining a diverse cohort of reserve 
trees of varying age, size, and species. Selecting the individual of each species and 
size-class with the highest value for attributes associated with vigor is therefore the 
best option for both desired survival and growth outcomes.  
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APPENDIX A: MORTALITY TYPE SUMMARY TABLES 
 
 Trunk Failure  
Species Avg HT of Failure Above Grade (m) 
Avg of Diameter at Break (inside bark) 
(cm) 
ACRU 6.87 41.63 
ACSA   
AMCA   
BEAL   
BEPA   
FAGR 3.45 27.25 
PIRE   
PIRU 4.84 29.43 
PIST 6.74 37.42 
POTR 7.50 36.00 
THOC 1.67 22.60 
TSCA   
Total 4.77 31.00 
Table A.1. Mortality summary of trunk failure 
 
  Root Failure  
Species Avg of Diameter of Largest Broken Root (cm) Avg of Distance from Break to Trunk (m) 
ACRU 18.60 0.30 
ACSA   
AMCA   
BEAL   
BEPA 12.00 0.15 
FAGR   
PIRE 9.10 1.83 
PIRU 6.73 1.22 
PIST   
POTR   
THOC 5.17 0.93 
TSCA   
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Total 8.38 0.97 
Table A.2. Mortality summary of root failure 
 
 
 
  Root Failure  
Species Avg of Root Plate Radius (m) Avg of Root Plate Depth (cm) 
ACRU   
ACSA 3.60 28.00 
AMCA   
BEAL   
BEPA   
FAGR   
PIRE   
PIRU 1.59 29.00 
PIST 5.70 22.00 
POTR 6.25 19.50 
THOC 3.49 12.20 
TSCA   
Total 3.24 22.21 
Table A.3. Mortality summary of root failure 
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APPENDIX B: SUMMARY TABLE OF MORTALITY BY SPECIES AND 
SIZE-CLASS 
Species 
Size 
Class 
Control 
Stem 
Count 
Control 
No. of 
Dead 
Treatment 
Stem 
Count 
Treatment 
No. of 
Dead 
Control 
(%Mortality) 
Treatment 
(%Mortality) 
ABBA Total 203 127 4 0 62.56 0.00 
ABBA 15-19.9 168 100 2 0 59.52 0.00 
ABBA 20-24.9 35 27 2 0 77.14 0.00 
ACRU Total 728 88 119 4 12.09 3.36 
ACRU 10-14.9 225 54 7 0 24.00 0.00 
ACRU 15-19.9 234 18 16 0 7.69 0.00 
ACRU 20-24.9 146 9 28 1 6.16 3.57 
ACRU 25-29.9 69 4 19 0 5.80 0.00 
ACRU 30-34.9 33 2 20 0 6.06 0.00 
ACRU 35-39.9 15 1 8 0 6.67 0.00 
ACRU 40-44.9 2 0 9 0 0.00 0.00 
ACRU 45-49.9 3 0 7 2 0.00 28.57 
ACRU 50-54.9 1 0 5 1 0.00 20.00 
ACSA Total 167 17 27 1 10.18 3.70 
ACSA 10-14.9 84 13 1 0 15.48 0.00 
ACSA 15-19.9 51 2 2 0 3.92 0.00 
ACSA 20-24.9 20 2 10 0 10.00 0.00 
ACSA 25-29.9 11 0 9 0 0.00 0.00 
ACSA 30-34.9 1 0 5 1 0.00 20.00 
BEPA Total 127 40 21 3 31.50 14.29 
BEPA 15-19.9 25 11 2 0 44.00 0.00 
BEPA 20-24.9 41 11 3 0 26.83 0.00 
BEPA 25-29.9 38 11 6 0 28.95 0.00 
BEPA 30-34.9 18 6 2 0 33.33 0.00 
BEPA 35-39.9 4 1 6 2 25.00 33.33 
BEPA 40-44.9 1 0 2 1 0.00 50.00 
FAGR Total 39 16 15 1 41.03 6.67 
FAGR 10-14.9 18 8 2 0 44.44 0.00 
FAGR 15-19.9 11 6 6 0 54.55 0.00 
FAGR 20-24.9 3 0 3 0 0.00 0.00 
FAGR 25-29.9 1 0 1 0 0.00 0.00 
FAGR 30-34.9 5 2 2 0 40.00 0.00 
FAGR 35-39.9 1 0 1 1 0.00 100.00 
FRAM Total 28 0 21 0 0.00 0.00 
Table B.1. Summary table of mortality by species and size-class comparisons 
between the treatment and control 
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Table B.1 continued 
 
 
FRAM 15-19.9 13 0 2 0 0.00 0.00 
FRAM 20-24.9 5 0 7 0 0.00 0.00 
FRAM 25-29.9 5 0 6 0 0.00 0.00 
FRAM 30-34.9 4 0 5 0 0.00 0.00 
FRAM 35-39.9 1 0 1 0 0.00 0.00 
PIRU Total 68 24 150 16 35.29 10.67 
PIRU 10-14.9 8 3 6 3 37.50 50.00 
PIRU 15-19.9 17 5 20 0 29.41 0.00 
PIRU 20-24.9 16 7 29 0 43.75 0.00 
PIRU 25-29.9 10 3 37 4 30.00 10.81 
PIRU 30-34.9 12 5 22 1 41.67 4.55 
PIRU 35-39.9 1 1 15 3 100.00 20.00 
PIRU 40-44.9 3 0 15 4 0.00 26.67 
PIRU 45-49.9 1 0 6 1 0.00 16.67 
PIST Total 96 6 100 10 6.25 10.00 
PIST 15-19.9 2 1 1 1 50.00 100.00 
PIST 20-24.9 5 1 1 1 20.00 100.00 
PIST 25-29.9 4 1 1 0 25.00 0.00 
PIST 30-34.9 1 0 4 0 0.00 0.00 
PIST 35-39.9 11 0 7 1 0.00 14.29 
PIST 40-44.9 7 0 8 0 0.00 0.00 
PIST 45-49.9 8 0 7 0 0.00 0.00 
PIST 50-54.9 20 1 15 1 5.00 6.67 
PIST 55-59.9 13 0 12 2 0.00 16.67 
PIST 60-64.9 12 1 14 2 8.33 14.29 
PIST 65-69.9 7 1 9 0 14.29 0.00 
PIST 70-74.9 2 0 12 2 0.00 16.67 
PIST 80-84.9 1 0 5 0 0.00 0.00 
PIST 85-89.9 2 0 3 0 0.00 0.00 
PIST 95-99.9 1 0 1 0 0.00 0.00 
POGR Total 20 2 6 0 10.00 0.00 
POGR 30-34.9 10 2 1 0 20.00 0.00 
POGR 35-39.9 6 0 4 0 0.00 0.00 
POGR 45-49.9 4 0 1 0 0.00 0.00 
POTR Total 72 14 15 5 19.44 33.33 
POTR 25-29.9 16 6 1 0 37.50 0.00 
POTR 30-34.9 22 3 6 2 13.64 33.33 
  
96 
 
Table B.1 continued 
POTR 35-39.9 16 2 3 2 12.50 66.67 
POTR 40-44.9 14 2 2 1 14.29 50.00 
POTR 45-49.9 4 1 3 0 25.00 0.00 
QURU Total 23 0 17 0 0.00 0.00 
QURU 20-24.9 5 0 5 0 0.00 0.00 
QURU 25-29.9 3 0 2 0 0.00 0.00 
QURU 30-34.9 2 0 2 0 0.00 0.00 
QURU 35-39.9 3 0 4 0 0.00 0.00 
QURU 40-44.9 7 0 2 0 0.00 0.00 
QURU 45-49.9 2 0 1 0 0.00 0.00 
QURU 50-54.9 1 0 1 0 0.00 0.00 
THOC Total 341 65 80 15 19.06 18.75 
THOC 10-14.9 84 26 4 3 30.95 75.00 
THOC 15-19.9 98 18 4 2 18.37 50.00 
THOC 20-24.9 75 10 17 6 13.33 35.29 
THOC 25-29.9 55 8 21 0 14.55 0.00 
THOC 30-34.9 14 1 16 3 7.14 18.75 
THOC 35-39.9 10 2 14 1 20.00 7.14 
THOC 40-44.9 5 0 4 0 0.00 0.00 
TSCA Total 480 28 145 3 5.83 2.07 
TSCA 15-19.9 116 12 7 0 10.34 0.00 
TSCA 20-24.9 92 9 23 0 9.78 0.00 
TSCA 25-29.9 90 3 32 0 3.33 0.00 
TSCA 30-34.9 77 2 30 2 2.60 6.67 
TSCA 35-39.9 47 0 18 0 0.00 0.00 
TSCA 40-44.9 26 0 11 0 0.00 0.00 
TSCA 45-49.9 20 1 5 0 5.00 0.00 
TSCA 50-54.9 6 0 5 0 0.00 0.00 
TSCA 55-59.9 3 1 2 1 33.33 50.00 
TSCA 60-64.9 1 0 7 0 0.00 0.00 
TSCA 65-69.9 1 0 4 0 0.00 0.00 
TSCA 70-74.9 1 0 1 0 0.00 0.00 
Grand Total  2406 429 729 59 17.83 8.09 
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APPENDIX C: GRAPHICAL OUTPUT OF SPECIES AND SIZE CLASS 
MORTALITY COMPARISONS 
 
Figure C.1. Comparison of mortality in treatment and control by size class of Abies 
balsamea  
 
Figure C.2. Comparison of mortality in treatment and control by size class of Acer 
rubrum  
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Figure C.3. Comparison of mortality in treatment and control by size class of Acer 
saccharum  
 
 
Figure C.4. Comparison of mortality in treatment and control by size class of 
Betula alleghaniensis  
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Figure C.5. Comparison of mortality in treatment and control by size class of 
Betula papyrifera  
 
 
Figure C.6. Comparison of mortality in treatment and control by size class of 
Fagus grandifolia  
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Figure C.7. Comparison of mortality in treatment and control by size class of Picea 
rubens  
 
 
Figure C.8. Comparison of mortality in treatment and control by size class of Pinus 
strobus  
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Figure C.9. Comparison of mortality in treatment and control by size class of 
Populus grandidentata  
 
 
Figure C.10. Comparison of mortality in treatment and control by size class of 
Populus tremuloides  
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Figure C.11. Comparison of mortality in treatment and control by size class of 
Thuja occidentalis  
 
 
Figure C.12. Comparison of mortality in treatment and control by size class of 
Tsuga canadensis  
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APPENDIX D: MODEL ASSESSMENT OF TREE-DEMOGRAPHIC 
VARIABLES BY PROPORTIONAL INCREASE 
Overall 
Rank Model AICc ∆AICc Marginal R2  Conditional R2 
1 Volume + Species + Distance to First Entry 
Edge 
56.85  0.18 0.26 
2 Volume + Species 57.03 0.18 0.16 0.26 
3 Volume + Crown Ratio + Species +Distance 
to First Entry Edge 
63.4 6.55 0.19 0.27 
4 Volume + Crown Ratio + Species 64.04 7.19 0.17 0.26 
5 Volume 68.2 11.35 0.08 0.18 
Table D.1. Model assessment of tree-demographic variables predicting the 
proportional increase in all species 
For the highest supported model, volume was significantly (p=0.00) negatively 
correlated with the proportional increase. Distance to first entry edge was 
significantly (p=0.01) positively correlated with proportional increase. Species was 
also significantly correlated (p<0.05) with the proportional increase. No other 
variables were significant in predicting proportional increase. Gap nested by RA 
and entry year were not significant (p>0.05) random effects. The marginal R2 was 
0.18 and the conditional R2 was 0.26.  
Red Maple 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Treatment 61.78  0.11 0.24 
2 Treatment + Gap Area 63.83 2.05 0.13 0.25 
3 Treatment + Distance to First Entry Edge 
from Expansion 
70.2 8.42 0.15 0.27 
4 Treatment + Gap Area + Distance to First 
Entry from Expansion 
72.47 10.69 0.16 0.27 
Table D.2. Model assessment of tree-demographic variables predicting the 
proportional increase in red maple 
For the highest supported model, treatment was marginally significant (p=0.09) in 
predicting proportional increase. Distance to first entry edge from expansion was 
marginally significant (p=0.06) but its inclusion increased the AICc. In a Tukey test, 
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the proportional response of red maple is significantly (p=0.00) higher in the small-
gap treatment than the large-gap treatment. The marginal R2 was 0.11 and the 
conditional R2 was 0.24. 
Red Spruce 
 
Rank 
 
Model 
 
AICc 
 
∆AICc 
Marginal R2 Conditional 
R2 
1 Volume + Crown Ratio + Distance to First 
Entry Edge 
25.59  0.20 0.20 
2 Crown Ratio 34.68 9.09 0.003 0.02 
3 Distance to First Entry Edge 44.02 18.43 0.02 0.04 
4 Crown Ratio  + Age + Volume + Distance 
to First Entry Edge 
45.46 19.87 0.20 0.20 
Table D.3. Model assessment of tree-demographic variables predicting the 
proportional increase in red spruce 
For the highest supported model, volume was significantly (p=0.00) negatively 
correlated with proportional increase. Crown ratio and distance to first entry edge 
were significantly (p<0.05) positively correlated with proportional increase. The 
marginal R2 was 0.2 and the conditional R2 was 0.2. 
White Pine 
 
Rank 
 
Model 
 
AICc 
 
∆AICc 
Marginal R2 Conditonal R2 
1 Volume + Age + Distance to First Entry 
Edge 
-20.74  0.46 0.52 
2 Volume + Age + Distance to First Entry 
Edge + Distance to First Entry Edge from 
Expansion 
-10.93 9.81 0.47 0.54 
Table D.4. Model assessment of tree-demographic variables predicting the 
proportional increase in white pine 
For the highest supported model, volume, age, and distance to first entry edge were 
significantly negatively (p<0.05) correlated with the proportional increase. The 
marginal R2 was 0.46 and the conditional R2 was 0.52. 
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White Cedar 
 
Rank 
 
Model 
 
AICc 
 
∆AICc 
Marginal R2 Condtional R2 
1 Distance to Expanded Gap Edge -2.45  0.07 0.19 
2 Distance to First Entry Edge -0.92 1.53 0.02 0.15 
3 Distance to Expanded Gap Edge + 
Treatment 
1.6 4.05 0.09 0.21 
4 Distance to First Entry Edge + Treatment 4.4 6.85 0.03 0.17 
5 Distance to First Entry Edge + Distance to 
Expanded Gap Edge + Treatment 
10.84 13.29 0.09 0.23 
Table D.5. Model assessment of tree-demographic variables predicting the 
proportional increase in white cedar 
For the highest supported model, distance to expanded gap edge was significantly 
(p=0.002) positively correlated with proportional increase. The marginal R2 was 
0.07 and the conditional R2 was 0.19. 
Hemlock 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Distance to First Entry Edge 1.87  0.14 0.5 
2 Age + Distance to First Entry 
Edge 
28.83 26.96 0.2 0.48 
3 Treatment + Age + Distance to 
First Entry Edge 
31.31 29.44 0.2 0.46 
4 Treatment + Age + Gap Area + 
Distance to First Entry Edge 
33.61 31.74 0.22 0.47 
5 Treatment + Age + Volume + 
Distance to First Entry Edge 
35.61 33.74 0.22 0.45 
Table D.6. Model assessment of tree-demographic variables predicting the 
proportional increase in hemlock 
For the highest supported model, distance to first entry edge was significantly 
(p=0.00) positively correlated with proportional increase. Age and distance to first 
entry edge were significant in the second highest supported model. Age was 
significantly (p=0.003) negatively correlated with proportional increase. Distance 
to first entry edge was significantly (p=0.0004) positively correlated with 
proportional increase. The change AIC was from the first to second ranked model 
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was substantial and, therefore, the more parsimonious model was selected. For the 
highest supported model, the marginal R2 was 0.14 and the conditional R2 was 0.5. 
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APPENDIX E: CORRELATION OF TREE-DEMOGRAPHIC 
VARIABLES AND PROPORTIONAL INCREASE 
 
Figure E.1. Correlation of proportional increase and age (Adjusted R-
squared=0.036, p-value = 0.0001) 
 
Figure E.2. Correlation of proportional increase and crown ratio (Adjusted R-
squared=0.017, p-value=0.0015) 
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Figure E.3. Correlation of proportional increase and DBH (Adjusted R-
squared=0.099, p-value=0.00) 
 
Figure E.4. Correlation of proportional increase and HT (Adjusted R-
squared=0.096, p-value=0.00) 
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Figure E.5. Correlation of proportional increase and slenderness (Adjusted R-
squared=0.016, p-value=0.0015) 
 
Figure E.6. Correlation of proportional increase and volume (Adjusted R-
squared=0.094, p-value=0.00) 
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APPENDIX F: CORRELATION OF GAP-LEVEL VARIABLES AND 
PROPORTIONAL INCREASE 
 
Figure F.1. Correlation of proportional increase and distance to first entry edge 
(Adjusted R-squared = 0.015, p-value=0.002)  
 
Figure F.2. Correlation of proportional increase and distance to second entry edge 
(Adjusted R-squared = -0.0, p-value=0.89) 
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Figure F.3. Correlation of proportional increase and distance to first entry edge 
from second entry (Adjusted R-squared = -0.002, p-value=0.89) 
 
Figure F.4. Correlation of proportional increase and gap area (Adjusted R-squared 
= 0.016, p-value=0.0014) 
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APPENDIX G: MODEL ASSESSMENT OF TREE-DEMOGRAPHIC 
VARIABLES BY ANNUAL POST-TREATMENT BAI 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Species + Pre-Treatment BAI + Age + 
Slenderness + Crown Ratio 
2415.2  0.76 0.79 
2 Species + Pre-Treatment BAI + Age + 
Crown Ratio + Slenderness + Distance to 
First Entry Edge + Distance to Second 
Entry Edge 
2422 6.84 0.77 0.79 
3 Species + Pre-Treatment BAI + Age + 
Slenderness 
2469.6 54.38 0.75 0.79 
4 Species + Age 2700.4 285.18 0.61 0.68 
5 Age + Slenderness 2866.4 451.23 0.21 0.28 
Table G.1. Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in all species 
For the highest supported model, age and slenderness were significantly (p=0.00) 
negatively correlated with the annual post-treatment BAI. Pre-treatment BAI and 
crown ratio were significantly (p<0.05) positively correlated with annual post-
treatment BAI. Species was also significantly correlated (p<0.05) with annual post-
treatment BAI. The marginal R2 was 0.76 and the conditional R2 was 0.79.  
Red Maple 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Age + Volume 261.6  0.61 0.66 
2 Age 321.5 59.9 0.007 0.22 
3 Volume 628.7 367.1 0.611 0.69 
Table G.2.  Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in red maple  
For the highest supported model, volume was significantly (p=0.00) positively 
correlated with the annual post-treatment BAI. Age was significantly (p=0.0001) 
negatively correlated with annual post-treatment BAI. The marginal R2 was 0.61 
and the conditional R2 was 0.66. 
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Red Spruce 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Pre-Treatment BAI + Crown Ratio 736.3  0.47 0.47 
2 Pre-Treatment BAI + Crown Ratio + 
Distance to First Entry Edge 
737.04 0.74 0.49 0.49 
3 Pre-Treatment BAI + Distance to 
First Entry Edge 
783.54 47.24 0.23 0.24 
4 Crown Ratio 786.62 50.32 0.17 0.17 
5 Pre-Treatment BAI 788.2 51.9 0.37 0.39 
Table G.3.  Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in red spruce 
For the highest supported model, pre-treatment BAI and crown ratio were 
significantly  
(p<0.0001) positively correlated with annual post-treatment BAI. The marginal R2 
was 0.47 and the conditional R2 was 0.47. 
White Pine 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Pre-Treatment BAI + Age + Distance to First 
Entry Edge 
530.7  0.50 0.59 
2 Pre-Treatment BAI + Age + Slenderness + 
Distance to First Entry Edge + Distance to 
Second Entry Edge 
533.14 2.44 0.52 0.59 
3 Pre-Treatment BAI + Age 550.8 20.1 0.34 0.61 
4 Age 578.9 48.2 0.03 0.4 
5 Pre-Treatment BAI 837.94 307.24 0.24 0.55 
Table G.4. Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in white pine 
For the highest supported model, pre-treatment was significantly (p=0.00) 
positively correlated with annual post-treatment BAI. Age and distance to first 
entry edge were significantly (p<0.01) negatively correlated with annual post-
treatment BAI. Slenderness was marginally (p=0.06) negatively correlated with 
annual post-treatment BAI. The marginal R2 was 0.50 and the conditional R2 was 
0.59. 
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White Cedar 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Volume 349.67  0.06 0.1 
2 Pre-Treatment BAI 383.7 34.03 0.1 0.15 
Table G.5. Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in white cedar 
For the highest supported model, volume was marginally (p=0.054) positively 
correlated with annual post-treatment BAI. Though not included in the highest 
supported model, pre-treatment BAI was significantly (p=0.009) positively 
correlated with annual post-treatment BAI. The marginal R2 was 0.06 and the 
conditional R2 was 0.1. 
Hemlock 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Pre-Treatment BAI + Age + Crown Ratio + 
Slenderness 
601.83  0.59 0.65 
2 Pre-Treatment BAI + Age + Slenderness 645.74 43.91 0.54 0.54 
3 Pre-Treatment BAI + Slenderness 870.45 268.62 0.47 0.57 
Table G.6.  Model assessment of tree-demographic variables predicting the annual 
post-treatment BAI in hemlock 
In the highest supported model, age and slenderness were significantly (p<0.05) 
negatively correlated with annual post-treatment BAI. Pre-treatment BAI was 
significantly (p=0.00) and crown ratio was marginally (p=0.12) positively 
correlated with annual post-treatment BAI. The marginal R2 was 0.59 and the 
conditional R2 was 0.65. 
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APPENDIX H: CORRELATION OF TREE-DEMOGRAPHIC VARIABLES AND 
ANNUAL POST-TREATMENT BAI 
 
Figure H.1. Correlation of annual post-treatment BAI and age (Adjusted R-squared = 
0.007, p-value = 0.06) 
 
Figure H.2. Correlation of annual post-treatment BAI and crown ratio (Adjusted R-
squared = 0.011, p-value = 0.009) 
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Figure H.3. Correlation of annual post-treatment BAI and DBH (Adjusted R-squared = 
0.57, p=value = 0.00) 
 
Figure H.4. Correlation of annual post-treatment BAI and HT (Adjused R-squared = 0.41, 
p-value = 0.00) 
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Figure H.5. Correlation of annual post-treatment BAI and pre-treatment BAI (Adjusted R-
squared = 0.64, p-value = 0.00) 
 
Figure H.6. Correlation of annual post-treatment BAI and slenderness (Adjusted R-
squared = 0.22, p-value = 0.00) 
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Figure H.7. Correlation of annual post-treatment BAI and volume  
(Adjused R-squared = 0.50, p-value = 0.00) 
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APPENDIX I: CORRELATION OF GAP-LEVEL VARIABLES ANNUAL POST-
TREATMENT BAI 
 
Figure I.1. Correlation of annual post-treatment BAI and distance to first entry edge 
(Adjusted R-squared = 0.01, p-value = 0.006) 
 
Figure I.2. Correlation of annual post-treatment BAI and distance to second entry edge 
(Adjusted R – squared = 0.01, p-value = 0.02) 
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Figure I.3. Correlation of annual post-treatment BAI and distance to first entry edge from 
second entry (Adjusted R-squared = 0.009, p-value = 0.02) 
 
Figure I.4. Correlation of annual post-treatment BAI and gap area (Adjusted R-squared = 
0.02, p-value 0.0004)  
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APPENDIX J: MODEL ASSESSMENT OF TREE-DEMOGRAPHIC 
VARIABLES BY ABSOLUTE INCREASE 
Rank Model  AICc ∆AICc Marginal R2 Conditional R2 
1 Species + Volume + Age + Crown Ratio 
+ Slenderness 
2417.4  0.37 0.46 
2 Species + Volume + Age + Slenderness 2452.96 35.56 0.35 0.46 
3 Species + Age + Slenderness 2474.87 57.47 0.33 0.46 
4 Species + Age 2583.66 166.26 0.31 0.37 
5 Age 2718.73 301.33 0.006 0.08 
Table J.1. Model assessment of tree-demographic variables predicting the absolute 
increase in all species 
In the highest supported model, slenderness, age, and volume were significantly (p<0.01) 
negatively correlated with absolute increase. Crown ratio was significantly (p=0.016) 
positively correlated with absolute increase. Species was also significantly (p<0.05) 
correlated with absolute increase.  The marginal R2 0.37 was and the conditional R2 was 
0.46.  
Red Maple 
Rank Model AICc ∆AICc Marginal R2 Conditional R2 
1 Volume + Age 271.5  0.26 0.47 
2 Volume + Treatment 629.6 361.45 0.31 0.36 
3 Volume 634.8 366.65 0.24 0.37 
Table J.2. Model assessment of tree-demographic variables predicting the absolute 
increase in red maple 
In the highest supported model, volume was significantly (p=0.00) positively correlated 
with absolute increase. Age was significantly (p=0.02) negatively correlated with absolute 
increase.  The marginal R2 was 0.26 and the conditional R2 was 0.47. 
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Red Spruce 
Rank Model  AICc ∆AICc Marginal R2 Conditional R2 
1 Crown Ratio + Volume 734.05  0.12 0.12 
2 Crown Ratio + Volume + Treatment 735.92 1.87 0.14 0.14 
3 Crown Ratio 738.06 4.01 0.08 0.08 
4 Volume 748.93 14.88 0.013 0.02 
Table J.3. Model assessment of tree-demographic variables predicting the absolute 
increase in red spruce 
In the highest supported model, crown ratio was significantly (p=0.0003) positively 
correlated with absolute increase. Volume was significantly (p=0.031) negatively 
correlated with absolute increase. The marginal R2 was 0.12 and the conditional R2 was 
0.12. 
White Pine 
Rank Model  AICc ∆AICc Marginal R2 Conditional R2 
1 Age + Distance to First Entry Edge + 
Distance to Expanded Gap Edge 
546.44  0.32 0.48 
2 Age + Distance to First Entry Edge 547.76 1.32 0.29 0.48 
3 Age 547.82 1.38 0.2 0.52 
Table J.4. Model assessment of tree-demographic variables predicting the absolute 
increase in white pine 
In the highest supported model, age and distance to first entry edge were significantly 
(p<0.05) negatively correlated with absolute increase. Distance to expanded gap edge was 
marginally (p=0.095) positively correlated with absolute increase. The marginal R2 was 
0.32 and the conditional R2 was 0.48. 
White Cedar 
Rank Model  AICc ∆AICc Marginal R2 Conditional R2 
1 Age + Volume + Distance to First 
Entry Edge 
175.7  0.24 0.65 
2 Treatment + Age + Volume + 
Retention Density + Distance to First 
Entry 
178.23 2.53 0.31 0.62 
Table J.5. Model assessment of tree-demographic variables predicting the absolute 
increase in white cedar 
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In the highest supported model, volume was significantly (p=0.017) positively correlated 
with absolute increase. Age was marginally (p=0.08) negatively correlated with absolute 
increase. Due to low correlation with the variables tested in this study in predicting absolute 
increase in white cedar, the inclusion of the positively correlated distance to first entry edge 
(p=0.18) improved the model fit to this data. The marginal R2 was 0.24 and the conditional 
R2 was 0.65. 
Hemlock 
Rank Model  AICc ∆AICc Marginal R2 Conditional R2 
1 Slenderness + Age 643.36  0.13 0.13 
2 Treatment + Age + Slenderness + 
Retention Density 
666.95 23.59 0.18 0.21 
3 Age 666.95 23.59 0.03 0.15 
Table J.6. Model assessment of tree-demographic variables predicting the absolute 
increase in hemlock 
In the highest supported model, slenderness and age were significantly (p<0.05) negatively 
correlated with absolute increase. The marginal R2 was 0.13 and the conditional R2 was 
0.13. 
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APPENDIX K: CORRELATION OF TREE-DEMOGRAPHIC VARIABLES AND 
ABSOLUTE INCREASE 
 
Figure K.1. Correlation of absolute increase and age (Adjusted R-squared = 0.007, p-value 
= 0.06) 
 
Figure K.2. Correlation of absolute increase and crown ratio (Adjusted R-squared = 0.024, 
p-value = 0.0002) 
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Figure K.3. Correlation of absolute increase and DBH (Adjusted R-squared = 0.06, p-
value = 0.00) 
 
Figure K.4. Correlation of absolute increase and HT (Adjusted R-squared = 0.035, p-value 
= 0.00) 
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Figure K.5. Correlation of absolute increase and slenderness (Adjusted R-squared = 0.055, 
p-value = 0.00) 
 
Figure K.6. Correlation of absolute increase and volume (Adjusted R-squared = 0.022, p-
value = 0.0004) 
 
 
  
127 
 
APPENDIX L: CORRELATION OF GAP-LEVEL VARIABLES AND 
ABSOLUTE INCREASE 
 
Figure L.1. Correlation of absolute increase and distance to first entry edge (Adjusted R-
squared = -0.002, p-value = 0.051) 
 
Figure L.2. Correlation of absolute increase and distance to second entry edge (Adjusted 
R-squared = 0.002, p-value = 0.12) 
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Figure L.3. Correlation of absolute increase and distance to first entry edge from second 
entry (Adjusted R-squared = 0.02, p-value = 0.002) 
 
Figure L.4. Correlation of absolute increase and gap area (Adjusted R-squared = -0.0002, 
p-value = 0.35) 
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